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Abstract 
 
This thesis discusses on analysis and countermeasure results of past drive system failures of 
the construction machinery caused by lubricants, which the author has worked for a long 
period of times. Using the systems engineering approach, it becomes possible to investigate 
the cause of these failures and countermeasures. Specifically, the purpose is to use systems 
engineering to understand the basic architecture of the drive system consisting of an engine 
and a hydraulic system, to clarify the failure mechanism, and to systemize failure analysis 
and countermeasures. 
Lubricants, fuels and coolants (hereinafter called lubricants) greatly affect durability of 
construction machineries. Low quality lubricants are occasionally used and cause machinery 
failures in the field. Furthermore, the users and the government offices concerned recently 
request environmental protection. Since the environmentally friendly lubricants show 
generally low qualities by the additive restrictions from the environmental awareness, those 
lubricants can cause the machinery failures. Therefore, the users appreciate durable 
machineries, which can enable to use the low-quality lubricants. 
In the research and development on lubricants, failure analysis and countermeasures 
account for a large percentage. The lubricants engineer should perform comprehensive 
analysis and verification, which are not efficient. Unresolved failures and those mechanisms 
may remain in some cases. From this situation, it is effective to understand an entire driving 
system streaming lubricants, to analyze the failure mechanism and to implement the 
countermeasure by a systems engineering approach. 
This thesis consists of 6 chapters. Chapter 1 describes background of this study as follows; 
the history and the future trend of construction machinery and lubricants, the requirements 
for the lubricants’ quality from the social impact, stakeholders and operational conditions. 
Also, volume and types of lubricants for the construction machinery and lubricants engineer’s 
interests for the researches and developments are described. Then the problem setting and the 
purpose of this thesis is described. Further, this chapter describes lubricants qualities to be 
fulfilled for the construction machineries and the structure of this thesis. 
Chapter 2 introduces the lubricants activities in the internal structure of the engine and in 
the hydraulic system, then describes the subjected important component and parts for this 
research. The quality problems of lubricants from the additive composition are described. 
Further, the failures caused by lubricants are classified by combinations of hazards and 
  
hazardous contexts. Then the failures and the countermeasures taken up in this thesis are 
itemized. 
Chapter 3 describes engine failures that occurred in the utilization and development stages 
and their countermeasures. The failure of the utilization stage is the analysis of engine 
seizures with low quality US engine oils and the leak failure of the coolant seal for the head 
gasket. For engine seizure, the basic mechanism of engine oil and piston ring are described 
using Systems Modeling Language (SysML) to clarify the failure mechanism. For analysis of 
coolant seal leakage, the cause could be analyzed using the Decomposition Analysis 
Resolution (DAR) Process from the failure view of the architecture. Similarly, the leak failure 
of the crankshaft seals in the development stage could also be clarified and be taken the 
countermeasure using DAR and SysML description.  
Chapter 4 describes the failure analysis and the improvement of hydraulic system against 
biodegradable hydraulic oil regulations in the utilization stage. Although the most hydraulic 
components were improved by the previous countermeasures, a hydraulic malfunction 
remained unsolved. This chapter proposes a new systematic approach to solve the malfunction 
using the SysML descriptions. The SysML can fully describe the action mechanism of 
hydraulic system. Based on the mechanism, the hydraulic malfunction mechanism can be 
clarified and defences against the malfunction can be derived. Using the Safety Modeling 
Language (SafeML); extended profile of SysML, the malfunction context and the defences 
can be described and the most effective defence can be selected. 
Chapter 5 describes previous failure measures for construction machinery manufacturers, 
and discusses a new maintenance contract using genuine lubricants as a major countermeasure. 
Furthermore, discussing the results of failure analysis and countermeasures by means of 
systems engineering approach. These methods based on the system engineering for failure 
measures are discussed on the possible usage for a general machineries and complex systems. 
Chapter 6 presents conclusions of the whole thesis. 
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Q ƇƂƅƂƇſ éƞǅóƥƱƘǋǾǘǾÏưóƥǂǋǾǘǾÏŭƳXV TBN ư 
ĂŦå- SAƳÈŔſ
Q ƇƂƅƂƈſ ǱǟǢǞǶȀǬǠǙǢƳ¾uQưŰõÜrƳÎe Òſ
Q ƇƂƅƂƉſ ǱǟǢǞǶȀǬǠǙǢƲƿǁÌƼƪEǋǾǘǾÏŪ²ƳĤêȁCritical 
TemperatureȂưǋǾǘǾéƞƞƳŮſ
Q ƇƂƅƂƊſ ĈŹƳǋǾǘǾÏƲƬƘƮƳCǋǾǘǾŇżƳĚ±ſ
Q ƇƂƅƂƋſ ~¯ǋǾǘǾƯƳǪǙǢǾǺǾǑƳĈŹưşŎĲŞœ¥ƳǪǙǢǾǺǾǑſ
àÜrſ
Q ƇƂƅƂƌſ ǋǾǘǾƳǪǙǢǾưǗǺǾǝIŗƯƳǋǾǘǾÏƳîšĆǅĶǄƦſ
î¿·Qſ
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ſ
ƇƄſ
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ƇƇſ
ſ
ƇƇſ
 
Q ƇƂƅƂƍſ ĤêƳŽƘǋǾǘǾÏƯƳǪǙǢǾǺǾǑƳǂĭƘǅĶǄƦſ
ǇǐǠǈǩǠǈQſ
Q ƇƂƅƂƅƄſĤêƳƘǋǾǘǾÏƯƳǪǙǢǾǺǾǑƳǂĭƘǅĶǄƦſ
ǇǐǠǈǩǠǈQſ
Q ƇƂƅƂƅƅſđRĸǋǾǘǾÏ BTO-3 ǅôƘƪįǋǾǘǾȁşŎĲ®Ȃưſ
~¯ǋǾǘǾȁ½ß®ȂƳCǋǾǘǾŇżƳî\:ſ
Q ƇƂƆƂƅſ ǮǟǣǎǙǒǟǢƳÊǗȀǻƳğưÊâǃǅőƢƤƪÊǗȀǻƳſ
Q ƇƂƆƂƆſ ǮǟǣǎǙǒǟǢôÊǗȀǻƳâǃƳ FTA 
Q ƇƂƆƂƇſ ǮǟǣǎǙǒǟǢôÊǗȀǻƳâǃƲƬƘƮƳǐǺǠǈǍǻǉǗǶȀſ
ƲƿǁñƤƪ DAR 
Q ƇƂƆƂƈſ ~¯ǔǳǔǳ P ưįǔǳǔǳ S ƳÊǗȀǻƳŁîƳúĽĿi 
Q ƇƂƆƂƉſ TƱŁîǅƮǂSĝðƳŰưǮǟǣǎǙǒǟǢƳSĝðſ
Q ƇƂƆƂƊſǗǺǓǾǔǳ	ƳǗǺǍ#Y­ƳŤFŨưSĝā[ƦǂƺƯƳSĝðſ
ƳŮſ
Q ƇƂƆƂƋſ ÊǗȀǻƳĸŝmćƳfſ
Q ƇƂƆƂƌſ ~¯ǔǳ P ưįǔǳ S Ƴ#Y­Ƴ SEM)üſ
Q ƇƂƆƂƍſ *=ÊǗȀǻƳâǃƳǴǍǥǚǳſ
Q ƇƂƆƂƅƄſǮǟǣǎǙǒǟǢǿǗȀǻŇż¿Ƴ¾uQſ
Q ƇƂƆƂƅƅſǮǟǣǎǙǒǟǢǿǗȀǻŇż¿ƲƿǁǀǃƪÊǗȀǻƳ÷6§Ĝſ
Q ƇƂƆƂƅƆſCǋǾǘǾŇżƲƿǂǮǟǣǎǙǒǟǢôƳEÊǗȀǻƳSĝËſ
Äƻư*=ÊâǃƳøóſ
Q ƇƂƆƂƅƇſCǋǾǘǾŇżƲƛƠǂ*=Êâǃû}ƳÊǗȀǻIǁƳîÑſ
Q ƇƂƇƂƅſ ŽIŜôǐǹǾǐǗǵǫǢǗƑǻƳ¾uQſ
Q ƇƂƇƂƆſ _UǋǾǘǾƳCŇżƯâǃǅőƢƤƪǐǹǾǐǗǵǫǢǗƑǻƳſ
Ǻǟǭ8ţƳæ:ìưǐǹǟǐưĪǃſ
Q ƇƂƇƂƇſ ŽIŜôǐǹǾǐǗǵǫǢǗȀǻƳǺǟǭƳǂĭƘǅĶǄƦſ
ǇǐǠǈǩǠǈQſ
Q ƇƂƇƂƈſ ǐǹǾǐǗǵǫǢǗȀǻƳâǃƲƬƘƮƳ DARſ
Q ƇƂƇƂƉſ CǋǾǘǾŇżǅôƘƪ 30 -ŭƳǐǹǾǐǗǵǫǢǗȀǻƳǺǟǭſ
Ür£ƳÝeĚ±ſ
Q ƇƂƇƂƊſ ǌǉǻǗȀǻŇż¿ǅôƘƪǺǟǭĲŧưǮǺǟǐǙƳ7±ƳÝeĚ±ſ
Q ƇƂƇƂƋſ ĈŹƳǌǉǻǗȀǻƲƬƘƮĈŹƳǋǾǘǾÏǅôƘƪCſ
ǋǾǘǾŇżƳĚ±ſ
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ƈƄſ
ƈƆſ
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ƈƆſ
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ƈƈſ
ſ
ƈƉſ
ƈƋſ
ƈƌſ
ƈƍſ
Ɖƅſ
ƉƆſ
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ƉƇſ
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ƉƋſ
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Ɖƌſ
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Ɖƍſ
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Ɗƅſ
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ſ
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 
Q ƇƂƇƂƌ ǡǶǇǻǺǟǭǗȀǻƳǺǟǭƳǂĭƘǅĶǄƦǇǐǠǈǩǠǈQſ
Q ƇƂƇƂƍ ŬøƤƪǯǾǢǞǶȀǬƞǡǶǇǻǺǟǭǗȀǻſ
Q ƇƂƇƂƅƄſǯǾǢǞǶȀǬƞǡǶǇǻǺǟǭǗȀǻư~¯LƳǌǉǻǗȀǻſ
Ňż¿ƲƿǂĚ±ſ
Q ƇƂƇƂƅƅ  CǋǾǘǾŇżſ
Q ƇƂƇƂƅƆſ CǋǾǘǾŇżƲƛƠǂǯǾǢǨǉǭƞǡǶǇǻǺǟǭǗȀǻſ
ƳǌǉǻĆ8ȁâǃȂŨƳÝeĚ±ſ
Q ƇƂƇƂƅƇſĈƖƳǐǹǾǐǗǵǫǢǗȀǻƳĈƖƳǋǾǘǾŇżĚ±Ƴ PVĜQ 
Ʋƿǂñſ
Q ƇƂƇƂƅƈ nWĉ!Ƴtń¿·ǋǾǘǾƜǀO@ƤƪŽIŜǐǹǾǐǗǵǫǢſ
ǗȀǻưǯǾǢǞǶȀǬƞǡǶǇǻǺǟǭǗȀǻƳbxăňſ
ȆČſ
Q ƈƂƅſ ÁlƲƛƠǂtń¿·ƳôòZư/gŮģƳ¾uQſ
Q ƈƂƆſ ǧǉǌÏưÿÏē8ÏƳÊŵƯƳî\:ſ
Q ƈƂƇſ nŏǧǉǌÏƳ JIS Ŧ:derŇżǅôƘƪ 100ƒƯƳŦ:ŇżĚ±ſ
Q ƈƂƈſ nŏǧǉǌÏƳžũƲjƦǂĥŇżƳĚ±ſ
Q ƈƂƉſ nŏǧǉǌÏƳǥǢǺǻ NBRƳÖãŇżƳĚ±ſ
Q ƈƂƊſ nŏǧǉǌÏ	ƳǰȀǨ­ƳƳÝeĚ±ſ
Q ƈƂƋſ ÁlƳǧǉǌÏļµƲVƭƟÏSǗǙǠǳƲjƦǂĺÌǅĶƦĺÌQſ
Q ƈƂƌſ tń¿·ƳÏSǗǙǠǳƳ»ŝưĘƻǅĶƦ'ţǬǽǟǐQſ ſ
Q ƈƂƍſ êSĝưǏǵǩǠȀǗǸǾƲƿǂǧǉǌÏƳǹǟǍȀóƳeQſ
Q ƈƂƅƄſ ÏSǜǾǐưǫǈǻǜƞǬǺȀǖƳ¾uQſ
Q ƈƂƅƅſ ÏSǗǙǠǳƳÃoƱîƳǂĭƘǅĶƦǇǐǠǈǩǠǈQſ
Q ƈƂƅƆſ ÏSǗǙǠǳ'ƯƳǧǉǌÏƳǹǟǍȀóǅĶƦǇǐǠǈǩǠǈQſ
Q ƈƂƅƇſ ÏSǗǙǠǳƯƳÍ³ƣǃƪǧǉǌÏƲƿǂ8įǅĶƦſ
ǇǐǠǈǩǠǈQſ
Q ƈƂƅƈſ ǧǉǌÏƳîšĆǅĶǄƦî¿·Qſ
Q ƈƂƅƉſ tń¿·ƳǫǈȀǻǣŇżƯƳźKĩĦŦFǋǙǠǻVÏƳǧǉǌſ
ÏưÿÏē8ÏƳŦ TANƳę¥\:ſ
Q ƈƂƅƊſ ÿÏē8ÏǅôƘƪ8ÏǫǈǻǜƳ¥ŭƳsūŇżſ
ȁ4,200¥ŭȂƯǫǈǻǜ$ƲýƤƪıİƳǹǟǍȀſ
Q ƈƂƅƋſSafeML ƲŚ5Ƥƪĺėſ
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Q ƈƂƅƌſ ǧǉǌÏƲƿǂÏSǧǻǬƳ8įƲjƦǂ 3 ƬƳjď¶ǅĶƦ 
v SafeML Qſ
ſ
ȇČſ
Q ƉƂƅſ tń¿·ǴȀǍƳ 1990pƳǡǖǉǾǼǩǶȀ0rƳĘƻſ
Q ƉƂƆſ ǠǼǲǠǈǟǐǙǅ/ôƤƪĕÃÏŹƲƿǂǴǾǠǤǾǙ`ĔƳ CVCA ſ
Q ƉƂƇſ tń¿·ǴȀǍƳbxăňſ
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ſ
ȃČſ
Ķ ƅƂƅſ tń¿·ôƳäáÏŹƳÅDư8Hſ
Ķ ƅƂƆſ tń¿·ôäáÏŹƳ%ƦƸƞLŐƳľ
ȄČſ
Ķ ƆƂƅſ ¬ŋƯAǁơǂţLƳŲưjďƳŲ-Źſ
ȅČſ
Ķ ƇƂƅƂƅſ ǋǾǘǾéƞƳĺPƲƬƘƮƳŊ´Ě±ƳľĶſ
Ķ ƇƂƅƂƆſ ǋǾǘǾÏƳŪ²ƲƿǂǋǾǘǾéƞƳñſ
Ķ ƇƂƅƂƇſJASO ǋǾǘǾÏļµǁƳ/gŮģƔ0eÓ8ƱǀƵƲ/ô Òſ
Ķ ƇƂƆƂƅſ ô*=Ê	Ƴ©¿ŦȁwŦȂǉǌǾŨƳ-°ưÊǗȀǻƳîſ ſ
Ķ ƇƂƆƂƆſDARƳŷúưjƣƨƪ¸ŅưbxăňƳ VARƳŇżŷúſ
Ķ ƇƂƆƂƇſ ǮǟǣǎǙǒǟǢǿǗȀǻŇż¿ǅôƘƪŽÜȁ155!ȂŇżƳĚ±ſ
ȆČſ
Ķ ƈƂƅſ ǧǉǌÏƳLŐƳMŸçưǭǽǘǊǐǢǞȀǳƝf¡ƤƪþďưūªƳſ
jďſ
Ķ ƈƂƆſ ǧǉǌÏƳLŐĎĖƠưaƦǂŞœ®ſ
Ķ ƈƂƇſJCMAS ǧǉǌÏƳļµǁƳ/gŮģƔ0eÓ8ƱǀƵƲ/ô Òſ
Ķ ƈƂƈ ǧǉǌÏƳŦ:ƳMŸƳ>Pưþªjďſ
Ķ ƈƂƉſ ÏSǝǙǢƳĒ|ÇƳĒcȁÙÕrȂƳŰõưŲƝøóƤƪſ
8Ï	ƳĒcƳ&Uſ
Ķ ƈƂƊſ 8įƳjď¶ƳǜǑƔd$ǙǓǇưǓǙǢņƳÈŔſ
Ķ ƈƂƋſ ǫǈǻǜį1}ƳŒƯƳ8įƳøóƳÈŔſ
ȇČ 
Ķ ƉƂƅſ ŞôǙǠȀǘƯƳäáÏŹƲőPƦǂŲjďƳ-Ź 
Ķ ƉƂƆ ǋǾǘǾưÏSǗǙǠǳǅôƘǂ¿·ķğ 
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ĖˣƿƱϵƷê·ϊȔĉƦϊɇȃϊǛĀϥϟϭ 4,000 mɽϴΊ·ϮЁ5ȨϝЉЈϋ5Ȩƍϴ
˼ʼϵΊϐϧЀϊĖˣƿƱϮϵʠĵϲ͗ϡЈ˓ǖϴNQ͵.ϕƖЁΊϐϋ̜čϵȥÆĻ
˷ϴΊϽЇϔІϊƝ˵ŽϮЁЇϛЈȥÆǗƪЌ͙ϙȦa˛ĵ4xǜϴóSϊϓЅϷȥÆ˼
ʼȗ̃ϕϽЉЈȆȀǜͽϯ̻¤ϴ5ȨЌɒϢЈ˕gϕÖϽϪϭϐЈϋϝІϲĖˣƿƱϴ	
ȬȶϱŞ`ИХ˕gϊǃāϲϓϚЈ0ȥÆϴϾϱІϢʫȑȥÆϲЁʞĿϟϧΈͱ˕g[1][2]ϊ
	ȬϲQΆϚϧƆƝϴ CO2 Ş`̓њȕ̀ћ˕gϮϏЇ[3]ϊĖˣƿƱщјЗϴȥÆ˼ʼȗ̃ϲ
͗ϡЈʫ˕gЁϏЈ[4]ϋΐ
ĖˣƿƱϴюјТϕȨϐЈȆȀǜϊȕžϊ^ǮϏЈϐϵМёјХњ$ȆȀǜͽϯ¡ϸћ
ϵϊĆ˽¤ϲЅϪϭϵ/¤̃ϮϏЈϜϯЁÌϘϊϜЉϲ̇®ϡЈŹ͢ϴíɪϲщјЗϕʸϟЍϮ
ϖϧǉϕϏЈϋ̜čϮϵϊȥÆǗƪЌ͙ϙȆȀǜͽϴ̼ŁaϲЁϟϐgɹϕ˲ϝЉϊʅ
Ƨȶϲ/¤̃ϯϱЇĖˣƿƱϴŹ͢Ќ̇ϜϡϜϯϕϏЈϋϜЉϲíϟϭĖˣƿƱщјЗϵƈĴ
ϲŹ͢Ќ͙ϙíɪЌ˶ϠϊʠĵϴЌ±ЈϜϯϕǖЀІЉϭϐЈϋΐ
ĖˣƿƱщјЗϵʫx̎щјЗϯƺϲȆȀǜŊˇʟњ̻ϵˣ˞ʟY'ћЌ̼ʛϟϭϓЇϊ
ĢІϵȆȀǜ$ËϲЁȕžϊ^ǮϊМёјХЌɈɟ͕ȳϴí˺ϮϏЈϋϥϴɈɟ͕ȳϴȼƻ
ϵ/¤̃ϴȆȀǜͽϲ̶ϡЈПіхјеібϴŹ͢íɪϓЅϷʠĵϴΊϐПіхјеі
бϴ͕ȳЁˆϑϜϯϊϥϟϭΊ¤̃ϴȆȀǜͽЌɻǅ̻¤ϯϟϭ͕ȳϡЈϜϯϲϏЈϋƂϮɆ
ǜщјЗЁϽϧϊϲʫx̎ȨЌí˺ϯϟϭTϭϴȆȀǜͽϲϫϐϭΊ¤̃ϴȆȀǜͽϴ͕
ȳЌˆϪϭϐЈϋΐ
ʿʟϵĆÀϴß8Ϯ/¤̃ϴȆȀǜͽЌȨϐϧϜϯϲЅЈŹ͢ϴщЗдЦшϴ˛ƥϯíɪϊ
/¤̃ϱȆȀǜͽЌЁ5ȨʥϯϡЈ̻¤ϽϧϵПіхјеібϴ͕ȳЌˆϪϭϖϧϋĖˣƿ
ƱϴΊĵʥzϲ,ϑƁϟϐȆȀǜͽϴ͕ȳϊϏЈϐϵȆȀǜͽϴȥÆíɪЁϥϴí˺ϮϏϪ
ϧϋʿʟϕ͕ȳϟϧȆȀǜͽϵϊĖˣƿƱщјЗϴɻǅ̻¤ϯϟϭǫËĂÀϮЁĖˣƿƱϲ
PÄϝЉМєјиђϲюјТϹ˽ÉϝЉϊĆÀϮϴŹ͢Ќ͙ϙŅǍϲϱϪϭϐЈϋϜϴЅϑϲ
ÌϘϴŁrϟϧâʗϯ³͡*˸ϮϴȳˉЁϏЈϕϊУХЯцЯАЭЛϱ˛ƥϯíɪϕ|aϲˆЋ
ЉϭϱϐϧЀϲƛ˛Ǚϴ˲ͺЁǋϝЉϭϐϧϋϥЉϵϊħƢϴŹ͢ϴ˛ƥϯíɪϕƇƢϴУ
ХЯшЦДіФдЏёіМϴЏпєјЬϮ̫ЀІЉϭϐϧϜϯϲ®ϕϏϪϧϋϜϴϐЏпє
јЬϮϵϊĦϊϝІϲˑͥzϡЈĖˣƿƱϹϴíıϊϏЈϐϵȆȀǜͽϴ5ȨȥÆϹϴˑ
ͥzϡЈΊĒϱ˓ǖϲíıϡЈϲϵ͛ȬϕϏЈϋƖƁϴУХЯшЦДіФдЏёіМ[5][6][7]
ϴЏпєјЬЌóSϟϭϊУХЯцЯАЭЛϲϊȆȀǜͽϲ̇®ϡЈŹ͢ϴ˛ƥЌˆϐϊ̶b
ϲíɪЌ˶ϠЈϜϯϕİ˓ϲϱϪϭϐЈϯ˝ϒЈϋΐ
 
åãæàNºupĝ|ÜĠx-ĝ$/à
ĎʝϴĖˣƿƱϲϵǪǷʳϊбіеђşiƿϏЈϐϵɠǓµʖƿϱϰЁϽЉЈϕϊϜϜϮ
ϵ´ƚĂϊĖɰĂϊ͈û4ƶϊͨ͜4ƶϊϏЈϐϵȍåĪƇĂϲȨϐІЉЈ̎
ϲ͛
áϡЈϋĖˣƿƱϯ5ȨϝЉЈȆȀǜͽϴǉϴƸ˓Ќ$ϲ̟ϺЈϋĖˣƿƱϴǉ[8]ϯ
ϥϜϮ5ȨϝЉЈȆȀǜͽϴǉϴƸ˓Ќ$ϲ̟ϺЈϋΐ
	ȬϮcЀϭϴĖˣƿƱϵ#єјцǔ̱ϴĖˣϲȨϐІЉϧqЛѓјіϽϮ̵ЈϋϜ
ϴЛѓјіϴ̑ϊˑȀ̎ϱϰϲϵȠʦϊʽɚǜϏЈϐϵÎȑЏХнЎђбϱϰϴȆȀmϕ
5ȨϝЉϧ[9]ϋȧƶͰ¢ϲЅЇˀǓƿ͗ϕȳƊϝЉЈϯϊ1800 čϲϵˀǓǪǷʳϯˀǓЛѓ
јіϕʹ³Ϯ͕ȳϝЉϭϐЈϋ1835 čϲɲ³ϮϵâȨȶϱˀǓУясђњ± ΘΔΘћϕȳƊϝЉ
ϭĞƍȸЍϲϱϪϧ̱͆ϴĖˣĂϲÌϘȨϐІЉϧ[8]ϋˀǓƿ͗ϴмХбіϴȆȀȨϲϵ
ȣ¶ϮЁ5ЋЉЈЗђУВшɆ΍МёјХϕȳƊϝЉϭϐЈ[9]ϋϜЉ$ËϲЁʽɚǜϊΌǜϱ
ϰϴxƴȗǜϕƺόϱƿƱϲ5ЋЉÖЀϭϓЇ[10]ϊĦ̟ϡЈ̜čϴȦa˛ĵ4xǜϴȳ
ĺϲЁϫϱϕϪϭϐЈϋ1914čϲɤĂϟϧйгц̮ǛϴĂϲɲ³ϴÍºˀǓУясђ 90
ϕŎSϝЉϧϜϯϕϖϪϔϚϯϱЇϊĖˣƿƱϕ	ȬȶϲƎϟϧϋ1907 čϲϵZȕƿ͗Ќū
̔ϟϧбѐЛЪϕɲ³ϮȳƊϝЉϧњ± ΘΔΙћϋ1914 čϲϵʫx̎ȨȆȀǜϕ͕ȳϝЉϭϐЈ
[10]ϋѐФДјЪϲSЉЈ^Ǯϵȣ¶ϯϠДЬѓіМёПјђЁ5ЋЉϊϜЉϲ̼ϡЈ͙
΁mЁȳƊϝЉϧϋˉ ΘΔΘ ϲĖˣƿƱϴÊ̸ϯȆȀǜͽϴǉЌϽϯЀЈϋМёјХњGreaseћ
ϵƖcϲȳƊϝЉϧȆȀǜͽϮϏЈϕϊĖˣƿƱϮϵòƢЁ5ЋЉЈϯʞϒІЉЈϋZȕƿ
͗њInternal Combustion EngineћϕȳƊϝЉЈϯДіФіǜњEngine OilћϊИЩёіϯ̒ǜњLiquid 
FuelћϊĘ̂ƿǜњTransmission Oil$ TMǜћϯ^ǮњEngine Coolantћϕ͕ȳϝЉЈϕϊò
ƢϴͩǘΆx̎њBattery DriveћϴƎϲЅЇ̒ǜϯДіФіǜϵ˓ϲϱЈϋƂϊĦ̟ϡЈ
± ΘΔΘΐ ΐ 1835čɲ³W.T. OtisȳƊϴˀǓУясђΐ
 
Ѕϑϲ ίΩǜϊ^Ǯϯ4xǜњHydraulic OilћϵòƢЁ5ЋЉЈϋ
ƆƝϮϵĖˣƿƱϵÍǅƍ#cƙϽϮÌϘ̖SϝЉ̻ϵŊˇóSϝЉϭː̩ϝЉϭϐ
ϧϋϟϔϟϊƌ£cƙϴ̈́˅ĶľϲЅЇϊƆƝŸđϵ´ƚĂЌÑƶíɪϯϟϭTϭqϲ͹
ЈƂͅЌ`ϟϊϥϴĦϻϯЍϰĖˣƿƱϕ5ȨϝЉЈϜϯϕϱϔϪϧϋϜЉϲíϟϭɲ³Ϯϵо
ђвјТϱϰϴÍºĖˣƿƱЌȨϐϧ´ƚĂϕǧȳϲˆϱϪϭϐϧϋɲ³ĖˣƿƱщјЗ
ˉ ΘΔΘΐĖˣƿƱȨϴȆȀǜͽϴǉϯxΐ
± ΘΔΙΐ ΐ 1907čɲ³ B. HoltȳƊϴИЩёіДіФіū̔ЛєјѐбѐЛЪΐ
 
ϴЙыЪмѐјɐϵ 1935 čϲаАјШђДіФіǜЌɆǜщјЗϯV͕ȳϟϭϓЇ[11]ϊϥ
ϴĦϴȆȀǜϴȳøϴɎϲϱϪϭϐЈϋɧǂÍłϲϵϊɲ³ϵϜЉІÍºĖˣƿƱЌȨ
ϐϭÏČǤϴþόϲɅƙ͖Ϯ΀ˆÀЌˣªϡЈϜϯϮϊƆƝϹϴŶŰЌǙáȶϲƗfϲ̫
Ѐϧ[8]ϋвБЮϮϵłƍϲФГЭбł͘ƿȨϴȆȀǜϯϟϭ 3,500 ɚͽ$ϴŁДХЯђ
ǜЌ͕ȳϟϭϓЇ[10]ϊϜϴŊˇϵ̜čϴȦa˛ĵ4xǜϲЁıȨϝЉϭϐЈϋłĦ͖ЁϱϘϊ
БЪёЏϮ	ȬcϴǜµĘУясђϕȳƊϝЉϭ	ȬϲƎϡЈϜϯϲϱϪϧϋłĦϴƆƝ
ŸđϵĖˣƿƱϕ³qÇĜϲġɢϫϯϟϭĖˣƿƱȧƶϴʣŁϲqЌSЉϧʅƧϊȣ¶Ϯ
ϵ	Ȭ ΜΗ.$ZϴĖˣƿƱщјЗϕ³Zϲ 12ɐϏЈțǟϯϱϪϭϐЈ[12]ϋΐ
̜čϴ	ȬϴĖˣƿƱϴͪ˓њDemand for 7 Major Productsћϵϊ± 1-3ϲɏϡЅϑϲ 2000
č$͚³ϯƣЏФЏϴ͕ȳојшњEra for resource-rich and emerging countriesћϲЅЇÇ
sϟϭϓЇ 1990č#ϴ 2?ϴŻϕ˽ÉϝЉЈЅϑϲϱϪϭϐЈϋ	ȬϴĖˣƿƱϴ 2017č
ϴȦȧͻϵɹ 600 Lɲвђϲ̲ϟϭǧǟЌϟϭϓЇ[14]ϊĦЁĖˣƿƱͪ˓ϴʾϩ̙Ͼ
ϵõϱϐϯĳЋЉЈϋ 
ĦϊȨ̎ϮϵиЭЯёјΆxϴͩǓʫx̎̎ϕÇsϡЈϯǸϝЉ[15][16]ϊɲ³Ϯϵ
ÍºбѐЭЛϴиЭЯёјΆx̎ЁĆÀŎSϕáϝЉϭϐЈ[17][18]ϋиЭЯёјΆx̎Ϯϵ
ȆȀǜͽϵ˓ϱϧЀϊȆȀǜͽщјЗϵņŰЌϚЈϯʞϒІЉЈϋĖˣƿƱϮϵ˼ʼȡ
њT˼ʼ̮̐ϴƍ͖ѝT̮̐ƍ͖ћϕƖÍ 80љϲ̲ϟϊ1 ƆĞϧЇϴ̮̐ƍ͖ϵ 3 #4ƶ
Ϯ 20 ƍ͖ϲϱЈϋĖˣƿƱϲёЬВшБЖіиЭЯёјЌšȨϟϭЁ 45 ƍ͖ϟϔ̮̐Ϯϖϱ
ϐϊPͩϲϵ 5 ƍ͖Ќ̀Ђϡ˲ͺϕϏЈ[19]ϋϽϧϊû͖J·Ђ0Ý· ̘ϴȣÀϮϵP
ͩˣEϴˣʛϵͧϟϐϋϜЉІϴȤȪϔІиЭЯёјΆxϴĖˣƿƱϴâȨzϵͧϟϘϊĞͯ
± ΘΔΚΐ ΐ	Ȭϴ˓ 7ĖˣƿƱϴͪ˓ţɖΐ Žȟ[13]ЅЇ̐̔ΐ
 	
ϵ0Ý·ĂЂ·Ăϱϰϴ/˼ʼȨϴôºĖˣƿƱϲ͛áϝЉЈϋZȕƿ͗ϲЅЈΆ
xϵĦЁǨϯʞϒІЉЈϋϝІϲϊǜµЏЛЬэДјЪϴйѕјéĒϵͩǓЏЛЬэДјЪ
ϲǑϺϭ 10?$[20]ЁϏЈϧЀϊǜµЏЛЬэДјЪњșϲǜµУёіЫћЌTϭͩxĘϲÊ
ƓϡЈϜϯϵ¯ͧϮϏЈϋϜϴЅϑϲĖˣƿƱϮϵȆȀǜͽϴ́˓ĵϵĦЁΊϐϕϊȆȀǜ
ͽщјЗϴˊ̡ϲЅЈ¤̃/ϲĖˣƿƱщјЗϵEϒЈİ˓ϕϏЈϋΐ

åãçàNºupĠĢĠRÙà
³ZϴĖˣƿƱϴ;ƗŻњNumber of Vehicles Ownedћϵ± ΘΔΛϲɏϡЅϑϲT̎
ϴɹ
1.1љϲ̰ϗϱϐϕϊ̀zȎɿњCO2ћŞ`̓њEmitted CO2 VolumeћϮϵT̎
ϴŞ`̓ϲ
íϟϭ 5.1љϲЁϱЈϋϜЉϵДіФіϴ˼ʼȡϕϏІЃЈ̎
ϴϮΊϘϊϽϧ̮̐ƍ͖Ё͒
ϐϧЀϮϏЈϋĖˣƿƱϕɐ*ϲÍϖϱĠͲЌϒЈϜϯϕЋϔЈϋϜϴϧЀϊƆɲǃϴиХї
бѐЭЛϴ́̓̎ȕ̀½ǽϲʋϐϭϊΐ³ZϮϵ	ȬϲQΆϚϭ 2014 čЅЇĖˣƿƱϴ CO2
iǴϴϧЀϴȕ̀½ǽ˭áϕÖϽϪϭϐЈ[3]ϋǃāϮϵʽɚǜЌžϯϡЈиБЖаАјШ
ђњʦʢ̀щЬђДХЯђϊFAME ϯЁɕϡЈћϕ CO2/ǴϴϧЀϲ 1990 č#ϔІ5ȨϝЉϭ
ϐЈ[26]ϋ̒ǜϲиБЖаАјШђЌ 5љǰϟϧȕžњB5ћϕϲ5ЋЉϭϓЇϊϜЉϲЅЇ
CO2 ȳȦϵ 23љōgϝЉЈ[11]ϋƆƝϮϵĔ΁ǜϴ5ȨЌjŦϯϟϧиБЖаАјШђϴ
¤̃ϕ JIS ˕Ʈ[29]ϯϱϪϭϐЈϋĦϊǃāϵиБЖаАјШђϴǰ̓Ќ 10љϽϮÇЂϡ
± ΘΔΛΐ ΐ³ZϴT̎
ϴ;ƗŻϲíϡЈĖˣƿƱϴŻϯ̀zȎɿΑΤΫΙΒŞ`̓ΐ
њ2012-2016čϴŽȟ[21]-[27]ϲ½Ϭϖ4Łћΐ
βΒ ĖˣƿƱϴ;ƗŻǑȡΐ
њ2012-2016čћΐ
γΒ ĖˣƿƱϴΤΫΙŞ`Ǒȡΐ
њ2005-2016čћΐ
 

˞ȫϮϏЈ[30]ϋΐ
ĖˣƿƱϴŞ`ИХϴ̀zɡɿњ$ NOxћϴŞ`̓ϲ͗ϟϭϵϊ2000 čƍȏϮ³ZT
̎
ϕŞ`ϡЈ NOѪϴ 33.8љЁЀЈϯɬ`ϝЉϧ[11]ϋϥϴϧЀĖˣƿƱϴŞ`ИХ˕
gϕϊ2014 č$͚ϲƆɲǃϮиХїбѐЭЛϯɨϴŞ`ИХ˕gϕâƃϝЉϭϐЈ[11]ϋÊ̸
ϡЈŞ`ИХ˕gϲíıϟϭϊДіФіǜϴ¤̃ϵŞ`ИХϴƗåŁaњNOxϊйЯАЙэ
ѓјб ћ͜ˍʛϲĸĠͲЌϼϝϱϐЅϑϲϊǱsmϴg͛ϕsϒІЉЈЅϑϲϱϪϭϐЈϋ
ĦϴĖˣƿƱϴȕ̀½ǽϴΊĒzϲEϒϭȆȀǜͽϴŵʴЁİ˓ϯϱϪϭϓЇϊʿʟІЁ
ǜµƿ«ϴZ̻ȂЉЌ͙ϙϜϯϮȕ̀/ǴЌ±ЈƁϧϱ4xǜϴ͕ȳЌˆϪϭϐЈ[31][32]ϋΐ
ΐ
åãèà NºupĠDÔ§à
ĖˣƿƱϴȨ̦ϯfå͗:ʟϴ͗:Ќ± ΘΔΜ ϲɏϡϋ± ΘΔΜ ϵ³ZϮϴ6ЌɏϟϭϐЈ
ϕϊǫËϮЁƺϱ͗:ϯϱϪϭϓЇϊ½Ɲȶϲ B2Bњ(ƶ͖ęћϮϏЈϋĖˣƿƱϴƖЁÍ
ϖϐ˽ÉQϵѓіЪђƶњRental CompanyћϮϏЇ	Ȭȶϲϥϴͪ˓ϵ 55-60љЁϏЈϕ
[33][34]ϊôºƿɚϕϮϏЈϋШеПі њGeneral Contractor ћϵĖˣ´ƚƶʟ
њConstruction and EngineeringћϲɚĂЌȳǣϟϊĖˣ´ƚƶʟϵѓіЪђϏЈϐϵʫɐ
ńƗϴĖˣƿƱϮ̱̌њRoad WorkћϊǛĀњRiver WorkћϊĖȗ˛1њDemolitionћϊ´·̩Ł
± ΘΔΜΐ ΐĖˣƿƱϴϱȨ̦ϯfå͗:ʟΐ
ΐ
 
њLand FormationћϱϰϴĂЌˆϑϋɉɆÀϯ͈ûњQuarry and MiningћϊȧĔ_ȤÀњWaste 
and DisposalћϏЈϐϵĂÀїː͆ńњFactory and IronworkћϵĖˣƿƱЌȽŢ̄Sϟϭ5ϑϜϯ
ϕÌϐϋϜϴЅϑϱюјТϵȆȀǜͽϹϴ͗įϕΊϘϊȆȀǜͽϯщіЯгіХϲ̀ȨЌŠϚЈ
ϜϯЌϐϯЋϱϐϋѓіЪђƶʟϵюјТϲЅЈщіЯгіХϲϵßϕϏЈϴϮϊщіЯгіХ
͖͟ϴĕ͒ЌƘЍϮϐЈϋϐϢЉϴюјТЁȆȀǜͽϲ̇®ϡЈĖˣƿƱϴŹ͢ЌǴІϡϜ
ϯЌ˓ǖϟϭϐЈϋ 
ĖˣƿƱϴĂϲ͗ϡЈwȡzϊßTĵϓЅϷȥÆϲíϟϭϵ³´̧ȿњMLIT $³
ȿћϯȥÆȿњMOE ћϕĖˣƿƱюјТϹϴřóњAdministration Guidance on 
Streamlining, Safety and Environmental ProtectionћЌˆϱϪϭϐЈϋ³ȿϵUVĂϲϓϐ
ϭȽŢюјТϹϴřóЌˆϱϑϴϮϊĖˣƿƱщјЗњMachinery ManufacturerћϹϴĠͲϵ
ÍϖϐϋȥÆϲϫϐϭϵϊ³ZϮϵj̟ϴЅϑϲŞ`ИХ˕gϊȕ̀½ǽϏЈϐϵΈͱ˕g
ϕϟϘřóϝЉϭϓЇϊǃāϮϵĦ̟ϡЈȦa˛ĵ4xǜϴ5ȨϱϰЁ·ƂŸđϔІˆŸ
řóϝЉϭϐЈϋÌϘϴюјТϵĖˣƿƱϴȥÆíɪϲЁɀlϲЇʃЍϮϓЇϊĖˣƿƱщ
јЗϴƈĴϱíıЌƘЍϮϐЈϋΐ
à
åãéà NºupĠĬīeà
ĖˣƿƱϴ5ЋЉƂϴșĭЌ± ΘΔΝ ϲɏϡϋʫx̎ϯȰϱЈĖˣƿƱϴ5ȨƂǠϵϊњΘћ
͸ʘϱTĦ̫ϯƂ̐ŨϕϏЈњFrequent back-and-forward Motion and Change in Directionћϋ
ϜЉϲЅЇĘ̂ˍʛϏЈϐϵоѓјЙˍʛϱϰϲȨϐЈЛѐЭЬϽϧϵоѓјЙϵϊƈƙϴŮʡ
Ќ͙ϙϧЀϲȆȀǜњǺĘћϮ5ϑϜϯϕİͶϯϱЈϋýɆЌЇ͜ϘЅϑϱ4ƶϮϵњΙћДі
Фіϕ̪ʋ 100љ`qϯϱЈ̰˼ʼ̮̐њOverload OperationћϯϱЈϋʫx̎ϯϵȰϱЇ̆ˆͿ
ϲЅЈ]ϕϱϐϧЀϲϊѐФДјЪϲЅЈДіФі]ϯЖБђЛјѐϲЅЈΆxУХЯшϴ
]ϕİ˓ϯϱЈϋýɆϱϰЌÿϡ4ƶϮϵњΚћˈŰЌ,ϑÀϕϏЇњOperation with Impactћϊ
ΆxУХЯшϴǈ̎ϊ4ƶƿϴ̑ϱϰϲȽŢˈŰϕsЋЈϋњΛћ4ƶϲЅЇʯϐϕЈɇ
ÅϏЈϐϵǔ4ƶњOperation under Dust, or in Mud WaterћϱϰϲϓϐϭϵȆȀǜͽȨУј
ђϴΊϐĵʥϯʠĵϕİ˓ϲϱЈϋњΜћюјТϵ 10,000 ƍ͖$ϴЖјиујђî¢
њLong Overhaul IntervalћЌ˓ǖϟϭϐЈϧЀϊУХЯшϕ|aϱʠĵЌŘϫϜϯϕ˓ǖϝЉ
ЈϋњΝћżEї=ȤϵȣÀϮˆЋЉЈњRepair on SiteћϜϯϕÌϐϧЀϊȆȀǜͽϯнАђЪϱϰ
ǭʡ¤Ќ͒î¢zϟϭżE­ŻЌǴІϡİ˓ϕϏЈϋϽϧϊżEї=ȤƍϴȆȀǜͽϴȂǦ
ϲЅЈȥÆǗƪЌƖôϯϡЈϧЀϲȥÆ˼ʼϕΊϐȗ̃ϴ5ȨЌ̺ϚЈİ˓ϕϏЈϋϜЉІϴ
5Ȩơ&Ͻϧϵ˓ǖϲsϒϭϊњΞћǫËϮϵ/¤̃ϴȆȀǜͽњLow Quality Lubricantsћϕ5
ȨϝЉЈÀϕϏЇϊњΟћƷê·ϔІȔĉ·ϊɇȃϱϰĎɯ°ϴËǓǶњOperation under Wider 
Range Climatic TemperatureћϮ̮̐ϡЈϧЀϊϜЉϲíıϡЈȆȀǜͽϯУјђϕ˓ǖϝЉЈϋ
 )
њΠћĖˣƿƱϏЈϐϵ̻¤ϕĔƲϝЉЈÀϊĖˣƿƱƝ1њƻǽϮ 20 tonћЂ̻¤ϕ́ϐϧ
ЀϲȣÀϲĔƲњMachinery Disposal in the FieldћϣϞЈĨϱϐÀϕϏЈϋϜЉІĔƲȗϲЅ
ЈʫȑȥÆϴǗƪЌōgϡЈϧЀϲȥÆǐĵϴõϱϐƟžϴšȨЌ̫ЀЈİ˓ϕϏЈϋϜϴ
ϧЀʿʟІϵƆƝĖˣƿƱƃĂ~*ϲϭȥÆ˼ʼ/ǴŊˇřͅЌgáϟϭϐЈ[35]ϋΊ˼
ʼϴ5ȨƂǠϯʷ̿ϱ5ȨȥÆϲЅϪϭĖˣƿƱϴŹ͢ЌàTϲ͙ϙϜϯϵϮϖϱϐϧЀϊ
Ź͢ϕõϱϐĖˣƿƱϵʠĵϲNЉЈː¤ϯϟϭϴÍϖϱЧјђХхБібϮϏЈϋΐ

åãêàNºupğĈĨīĪ|ÜĠÜĝÈà
ĖˣƿƱњMiddle-size ExcavatorϊºǜµУясђћϲϵ± ΘΔΞ ϴЅϑϲȨ̎њMiddle-
size Passenger Carћϴɹ 14?ϊÍºбѐЭЛњHeavy-duty Truckћϴɹ 3?ϴç̓ϴȆȀǜͽϕ
5ЋЉЈϋȆȀǜͽϴ̃̓ϵϊĖˣƿƱϴ̎1̃̓ϴ 1.5љϲЁϱЇϊ̻¤ϯϟϭϴ8AϯϊĖ
ˣƿƱϴʠĵϯĵʥϹϴĠͲЁÍϖϐϋȆȀǜͽϲϵ±ϲɏϡЅϑϲДіФіǜњEngine 
OilћϊǜµУХЯшϲ5ϑ4xǜњHydraulic OilћϊĘ̂ˍʛϲ5ϑбѐіХчЭУяіǜ
њTransmission Oil: TM OilћϊǺĘоѓјЙϯаАнЎѓіУыђǈ̎ЌZ˂ϡЈЏЛХђȨϴЏ
± ΘΔΝΐ ΐĖˣƿƱϴ5ЋЉƂϴșĭΐ
 
ЛХђǜњAxle OilћϊʂǴ̨ǈ̎ˍʛϲКьǜњGear Oilћϊϥϟϭ4ƶƿϴ̑ϏЈϐϵƄ­
ǈ̎ϲȨϐІЉЈМёјХњGreaseћϕϏЇϊДіФіϴ]ϯʨ΁͙ǄϴϧЀϴ^ǮњEngine 
Coolantћϕ5ȨϝЉЈϋДіФіǜϵʫx̎ȨϯVȨϴÀЁϏЈϕϊϥϴ ϵĖˣƿƱȨϯ
ϟϭȝʫϴȳ̲ЌϟϭϐЈϋ 
ĖˣƿƱϴ#ˉ6ϯϟϭǜµУясђϴË˙ϯΆxУХЯшϮϏЈДіФіϯǜµƿ«ϴ̼
ʛЌ± ΘΔΟ ϲɏϡϋĖˣƿƱϵϜϴǜµУясђϲЅϑϲЛєјѐњTravelling Equipment, 
CrawlerћϽϧϵЪБьЌ­̐ϝϣϭʫq̆ˆϟϊşiȨиНЭбњDigging Bucketћϱϰϴ4ƶ
ƿњWork EquipmentћЌϊƄ­ϡЈ̻фаАњRotating Upper BodyћЌ­̐ϝϣϭşi4ƶЌ
ˆϑ̎
ϮϏЈϋϥϴ̆ˆϓЅϷşiȨϴˍʛϵΊµϴǜµхіпњHydraulic Pump, 21 – 45 
MPaћϮΆxϝЉϊ4ƶʟϵˑŻϴǜµйБєЭбиђоњHydraulic Pilot ValvesћЌϟϭΊµ
ϴщБіиђоњHydraulic Main ValveћЌxϔϟϭϊϜЉІϴˑͥϱű4ЌˆϑϋзБоёЭвǜ
µУясђϵƄ­ǜµъјЪњHydraulic Swing MotorћϨϚЌͩǓъјЪϲŨϟϧƂĘϕÌ
ϐϋĖˣƿƱϴΆxƂĘϲϵÌϘϴɚͽϕϏЈϕϊ̜čϴǜµУясђ$ËϴƿɚϮϵϊǜ
µϲЅЈзБвєХЪЯАЭЛїбѐіХчЭУяіњHSTћĘϴΆxɸϕǨϯϱϪϭϐЈϋÍºƿ
ɚϲÌϐƿƱĘϴĘ̂ˍʛϲϵϊцдэЏђĘϴйѕјУнбїбѐіХчЭУяіϯϜЉЌʫx
zϟϧʫxĘ̂ƿϕϏЇϊϝІϲʫxĘ̂ƿϲǜµъјЪЌʃϾ̙ЍϨзБвєёЭЛїщЗдЗ
ђбѐіХчЭУяіњHMTћϕϏЈϋʫxĘ̂ƿϊйѕјУнбїбѐіХчЭУяіϏЈϐϵ HMT
ϴƹ̩ϵͽ-ϟϭϓЇϊ5ȨϡЈȆȀǜͽЁϠϮϏЈϋΐ
± ΘΔΞΐ ΐĖˣƿƱϯʫx̎ϴȆȀǜͽϴç̓Ǒ̓ΐ ΐŽȟ[36]-[38]ϲ½Ϭϖ4Łΐ
 

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ȆȀǜͽϲЅЇȳȦϡЈĖˣƿƱϴёХЛϵϊj̟ϴЅϑϲʷ̿ϱ5Ȩơ&Ϯ/¤̃ϴȆ
Ȁǜͽϕ5ȨϝЉЈϜϯϲЅЇДіФіϊǜµУХЯшϊĘ̂ˍʛϊ]УХЯшϊ4ƶƿϊ̆
ˆˍʛϱϰϴПіхјеібϯУХЯшϕƺόϱŹ͢Ќ̇ϜϡϋϜϴЅϑϱȆȀǜͽϕ̇®ϡЈ
Ź͢ϏЈϐϵȥÆǗƪЌǥϐ`ϡϯϊ± ΘΔΠ ϴЅϑϱУХЯшϯПіхјеібњComponents of 
Construction Machineryћϕí˺ϯϱЈϋДіФіϯǜµУХЯшϲȆȀǜͽϲ̇®ϡЈŹ͢ϵ
ÌϐϕϊĘ̂ˍʛњTransmissionћϊǺĘоѓјЙњWet Brakeћϊ4ƶƿњWork Equipmentћϯ]
УХЯшњCooling SystemћϱϰϴŹ͢ЁõϱϘϵϱϐϋ̆ˆˍʛњЛєјѐћϵ´ɇϲЅЈŮ
ʡϱϰϕ˲ͺϮϏЈϕȆȀǜͽϲ̇®ϡЈŹ͢ϵõϱϐϋϽϧϊȆȀǜͽϴȂЉњLeakћϊϏ
ЈϐϵȆȀǜͽȨϴǭʡ̻¤њнАђЪϊујХϊУјђћϴŎƲњDisposalћϽϧϵȒ
њBurningћϲЅЇʫȑȥÆњNatural EnvironmentћϲĸĠͲЌϒЈÀϕϏЈϋǜµујХϴ
ɊŪϲЅЇΊµϴ4xǜϕ¬ͫϝЉЈϯĖˣƿƱϴȋȍŹϲЁϫϱϕЈϋ 
ȆȀǜŊˇʟϵϜЉІϴПіхјеібЌŹ͢ϝϣϱϐΊ¤̃ϴȆȀǜͽЌ͕ȳϟϊ/¤
̃ϴȆȀǜͽϮЁŹ͢ϟϱϐ̻¤Ќ͕ȳϡЈϜϯϕ5¢ϮϏЈϋϥϴϧЀϲϵŹ͢ϴщЗдЦ
шЌ˛ƥϟϭíɪƂǠЌóϖ`ϡϜϯϕ́˓ϮϏЈϕϊŹ͢ϲíϡЈȆȀǜͽϴ¨ͺȏЌ˔
!ϚϭŹ͢ϲʭЈщЗдЦшЌ˛ƊϡЈϜϯϵϊħƢϵȆȀǜŊˇʟϨϚϕϱϟĨЈϜϯϮϏϪ
± ΘΔΟΐ ΐ#ˉȶϱĖˣƿƱϴË˙ϯǜµƿ«ϴ̼ʛΐ Žȟ[11]ЅЇ̐̔ 
 
ϧϋ6ϒ϶Ę̂ˍʛϴǈ̎ϴȰĊŮʡŹϏЈϐϵ]УХЯшϴʨ΁Ź͢ϱϰϮϵϊ̈́ùƟ
žŊˇʟϯˣ˞ʟϨϚϮíɪϲϏϧЈÀϕÌϐϕϊʿʟϵϜЉІϴ¨ͺϕȆȀǜͽϲ̇®
ϡЈŹ͢ϮϏϪϧ6ЌÌϘʄΉϟϭϐЈϋΐ
̜čϵʫȑȥÆϹϴĸĠͲЌƖôzϡЈϜϯЁĜϘ˓ǖϝЉϭϐЈϋȆȀǜŊˇʟϵϊŊ
ˇСјлХ¥њTechnical ServiceћЌ̧Ϡϭ	ȬϴюјТϴ̮̐ơ&њOperating ConditionћϏЈ
ϐϵ¤̃˓ǖЌɃЇϊ	ȬϴÐї·ƂŸđњNational and Domestic GovernmentћϴßTϯȥ
ÆϹϴ˓ǖњGuidance of Safety and Environment ProtectionћЌŌũϟϭϊȣ·ϴȆȀǜ˽É
ʟϓЅϷɆǜщјЗњOiѥ SupplierћϯЁĹ¿ŨЌˆϑϜϯϕİ˓ϮϏЈϋʿʟϵϽϮȆȀǜ
ŊˇʟϯϟϭϊȆȀǜͽϲ̇®ϡЈŹ͢ϲϫϐϭЁ ϴð͓ŊˇʟϯVϮíɪϓЅϷПі
хјеібϴŵʴЌ±ϪϭϖϧϋĖˣƿƱϴȋȍíɪϲϫϐϭЁϊʿʟϵǔЌϿȕĵϴ
4xǜЌ5ȨϮϖЈǜµУясђϴ͕ȳЁˆϪϭϐЈ[39]ϋΐ
ΐ
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ĖˣƿƱȨϴȆȀǜͽϴWEϡϺϖ¤̃ϲϫϐϭϊˉ ΘΔΙ ϲϽϯЀЈϋȆȀǜͽϲϓϐ
ϭ́˓ϱ¤̃Ќχϊϥϴ WEϡϺϖ¤̃ЌφϮɏϡϋΐ
ĖˣƿƱȨДіФіϵϊΊ˼ʼϮ5ȨϝЉЈϧЀДіФіǜϲWEϝЉЈϺϖ¤̃ϯϟϭϊ
мХбіёіМϴ²ɁЌ͙ϙǥǩʥqњDetergencyϊ$ǲǩĵћϕ́˓ϲϱЈϋϜЉϵȕȒϮ
± ΘΔΠΐ ΐȆȀǜŊˇʟϕí˺ϯϡϺϖŹ͢њſʒ̻ϕƝ˵ŽϮňϑʹȼћΐ
Lubricants
Travelling 
Equipment
Transmission
Wet 
Brake
Cooling 
System
Work 
Equipment
Natural Environment
Leak Burning
Components of 
Construction Machinery
Lubricants
Engineer
Technical
Service
Oil Supplier
User
Operating Condition
: Load, Climatic Temp.,
Air Dust
National and 
Domestic 
Governments
Guidance of Safety and 
Environmental
Protection
Operation
 &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
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
Hydraulic 
System
Engine 
Disposal
Repair & 
Maintenance
 
ȦϠЈϡϡϯǜϲǿϚϱϐ̀zʖ́ȗ[11]њ$ѐЭЗјћЌǥǩϟϭǿϔϡʥqϮϏЈϋ/
ǶϮϴϡϡїѐЭЗјϴǥǩʥqњDispersancyϊ$aźĵћῒz͙ǄĵњAnti-oxidationћϊ
Ůʡ͙ǄњAntiwearћϊ͉̈́Ϲϴʨ΁͙ǄĵњAnticorrosionћЁWEϡϺϖ¤̃ϮϏЈϋ̜č
ϵŞ`ИХĦ_ȤˍʛϲƗåϱǱsmϴiǴњNo adverse effect to emission treatment deviceћ
ϕİ˓ϯϱϪϭϐЈϋΐ
ȕžϵɁȋĵњIgnition Property, Cetane NumberѢЧЪі8ћϕƖЁ́˓ϱ¤̃ϮϏЈϕϊŞ
`ИХ˕gϲЅЈ/ɋΎzЁ˓ǖϝЉϭϐЈ[40]ϋǃāϮϵиБЖаАјШђϕƎϟϭϐЈ
ϕ¤̃ϴ¨ͺЁϏЇϊ͕ȳ̦³ϮϵЫХбϕǰSϡЈ¨ͺЁϏЈϋȕž¤̃ϵюјТϕʫȪ
ϲ̹őϮϖϱϐϧЀϊĖˣƿƱщјЗϵȕžϴ5ȨцдэЏђϏЈϐϵĖˣƿƱϴŵʴϱϰ
ЌˆϱϪϭϐЈϋʿʟІϵĂÀPÄȨϲȝʫȕžЁ͕ȳϟϭϐЈ[41]ϋΐ
^ǮњCoolantћϵϊʫx̎Ȩϴ JIS ¤̃˕Ʈ [42] ϕϏЈϕϊĖˣƿƱȨϯϟϭϵ͙΁ĵ
ʥϕ̊ϡЈϧЀϊĖˣƿƱðȨϴ^Ǯϕ͕ȳϝЉϭϐЈϋ^ǮϵǛĀϲŞ`ϝЉЈϜ
ϯϕϏЈϧЀϊʫȑȥÆЌǗƪϟϱϐњNo adverse effect to environmentћʨ΁͙ǄmњAnti-
corrosionћЌȨϐϧ^ǮЌʿʟІϵ͕ȳϟϭϐЈ[43]ϋ̜čϵȥÆϲƗåϱ͇ЌȨϐϱϐЏ
ђчдВшːѐФДјЪϕ5ȨϝЉϭϐЈϧЀ[4]ϊЏђчдВш͙΁ĵњAntiѣcorrosionћϕ́˓
ϮϏЇῒzßáĵЁWEϡϺϖ¤̃ϮϏЈ[44]ϋΐ
4xǜϵϊ/µњ14MPa $ћϴȧƶȨϴ¤̃˕ƮϕϏЈϕϊΊµњ2141MPaћϴĖˣƿ
ƱȨϲϵ̶ϟϭϐϱϐϧЀϊʿʟІϵƆƝĖˣƿƱƃĂ~*ϲϭ˕ƮЌ4ϪϭϐЈ[45]ϋ4
ˉ ΘΔΙΐ ΐĖˣƿƱȨȆȀǜͽϴWEϡϺϖ¤̃ϴ˗ΐ
њχѢșϲ́˓ϱ¤̃ϊφѢİ˓ϱ¤̃ћ
No.
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1 Engine Oil        
2 Fuel   
3 Coolant   
4 HydraulicOil       
5 TM Oil         
6 Axle andGear Oils       
7 Grease      
(Bio-Grease : No adverse
effect to emission)
No adverse effect to
emission treatment device
No adverse effect to
emission
No adverse effect to
environment
(Bio-Oil : No adverse
effect to emission)
Other Properties
!"
#"$
$%&
'()
&*+
"&,
-"$
 
xǜϴ¤̃ϵϊǜµхіпȒ!ϖϯŮʡϴ͙ǄĵњAntiwearћϕİ˓ϱ¤̃ϮϏЈϋȥÆǗƪ
Ќ͙ϙϧЀϴȦa˛ĵ4xǜњBio-Oil: No adverse effect to emissionћϊϏЈϐϵȋȍЌ͙ϙͧ
ȕĵ4xǜϱϰЁϊюјТϵĖˣƿƱϲ5ȨϡЈϕϊϐϢЉЁ¤̃ϵ|aϮϱϐ[46]ϋΐ
Ę̂ˍʛϮϵϊÍбђЛϴ+̲ϕİ˓ϱϧЀбѐіХчЭУяіǜњTM Oilϊ$ TM ǜћϵϊ
ʫx̎ȨϴʫxĘ̂ƿǜњATFћϯϵ¤̃ϕȰϱЈϋWEϡϺϖ TM ǜϴ¤̃ϵŮŲ:Ż
њProper Friction Coefficientћϕ́˓ϮϏЇ[47]ϊȒ!ϖϯŮʡ͙ǄĵњAntiwearћЁİ˓ϮϏЈϋ
ЏЛХђǜϯКьǜϵϊǈ̎ϹϴȒ!ϖϯŮʡ͙ǄĵњAntiwearћϕƖЁ́˓ϮϏЇϊёчЯЭвї
ХёЭпїаАнЎѓіУыђњLimited Sip Differential: LSDћ[48]ϴŮŲ:ŻЁ́˓ϮϏЈϋΐ
МёјХњGreaseћϵёЬВшɆ΍ϱϰÇϩЄϑmЌȨϐϭȆȀǜЌ}²1zϟϧЁϴϮϏЈϋ
ĖˣƿƱȨМёјХϮϵȒ!ϖϯŮʡ͙ǄĵњAntiwearћϕƖЁİ˓ϱ¤̃ϮϏЈϋʫx̎Ȩ
МёјХϵ JIS ˕Ʈ[49]ϲϏЈϕϊĖˣƿƱϮϵЅЇċĎϐȨ̦ϲ5ȨϝЉЈϧЀϊʿʟІϵƆ
ƝĖˣƿƱƃĂ~*ϲϭĖˣƿƱȨМёјХ˕ƮЌ4ϪϭϐЈ[50]ϋϽϧϊĖˣƿƱðȨϴ
ΊĵʥМёјХЁ͕ȳϟϭϐЈ[51]ϋΐ
РшʪȆ͙ǄĵњRubber Compatibilityћϯϊ/ǶƍϴǨxĵњLow Temperature Fluidityћϵ
TȆȀǜͽϲİ˓ϱ¤̃ϮϏЈϋĦϵϊCO2iǴϴϧЀϴ¤̃ЁWEϡϺϖ¤̃ϲϱЈϋΐ

åãíàiÁdĠ¿ÛºCĝà
Ɲ˵Žϵϊ̰ϴȆȀǜͽϲ̇®ϡЈĖˣƿƱϴΆxУХЯшϴŹ͢ϴ˛ƥϯíɪʅƧ
ϲǣȼϟϭϊħƢϴʄΉȶϱЇʃϾϮϵ˛ƊϮϖϱϔϪϧŹ͢®ϴɟƊϱІϷϲϊƛí
ɪϴ¨ͺϲϫϐϭϊƁϧϲУХЯшЦДіФдЏёіМϴЏпєјЬϔІϜЉІϴŹ͢ϴ®
ɟƊϯíɪϕʥϯϱЈϜϯЌɏϡЁϴϮϏЈϋW1ȶϲϵУХЯшЦДіФдЏёіМ
ΰΜαΰΝαΰΞαЌȨϐϭϊДіФіϯǜµУХЯшϔІϱЈΆxУХЯшϴ½ƝЏјЙЯЛЬыЌȤ˛
ϟϧϮϊŹ͢ϴщЗдЦшЌ˛ƊϟϊíɪЌ1ɸzϡЈϜϯЌȼȶϯϟϭϐЈϋΐ
ĖˣƿƱϵʷ̿ϱ5Ȩơ&Ϯ5ЋЉЈϧЀϲϊȆȀǜϊȕžϊ^ǮϊМёјХњ$ȆȀ
ǜͽϯ¡ϸћϴ¤̃ϵΆxУХЯшϴʠĵϲϒЈĠͲϕÍϖϐϋĆÀϮϵ/¤̃ϴȆȀ
ǜͽϕĖˣƿƱϲ5ЋЉϭŹ͢Ќ̇ϜϡϜϯЁÌϐϋșϲ̜čϊǃāϮϵĖˣƿƱϲ5Ȩϝ
ЉЈȆȀǜͽϲíϟϭЁȥÆ˼ʼϴ/ǴϕǖЀІЉϭϐЈϋȦa˛ĵ4xǜϵϊĖˣƿƱϔ
ІϜϼЉϭЁʫȑϲa˛ϟϭȎ̀ИХϯǔϲϱЈϴϮȥÆǗƪЌ͙ǄϮϖЈϕϊȥÆ˕gϴϧ
ЀƗwϱǱsmЌ̼ϮϖϢϲȆȀǜͽϯϟϭϵ/¤̃ϯϱЈϋϜϴʅƧϊĖˣƿƱϴΆx
УХЯшϴŹ͢Ќ̇ϜϡϜϯϕϏЇϊĖˣƿƱщјЗϵюјТϔІŹ͢ϴíɪЌǖЀІЉϭϐЈϋΐ
ȆȀǜͽϲ͗ϡЈɈɟϓЅϷ͕ȳϲŬЋЈДіФдЏϴƶyϴϮŹ͢ϴ˛ƥϯíɪϕ
ЀЈpϵÍϖϐϋŹ͢ϴíɪϵʍʜȶϲâƃϡЈİ˓ϕϏЈЁϴϴϊϥϴwȡĵϵİϢ
ϟЁΊϘϱϘϊȆȀǜͽЌ̇®ϯϡЈŹ͢щЗдЦшϕƛ˛ƊϴϽϽǋЈϜϯЁϏЈϋϜϴϧЀϊ
 
ȆȀǜͽϕǨЉЈΆxУХЯшT1ЌŌũϟϧϮŹ͢ϴ˛ƥϯíɪЌâƃϡЈУХЯшЦ
ДіФдЏёіМϴЏпєјЬϕƗwϲϱЈϯʞϒІЉЈϋϡϮϲϊУХЯшъађЌȨϐϧУ
ХЯшЦДіФдЏёіМ[52][53]ϕДіФіϴ͕ȳ[54]ϲȨϐІЉϭϐЈϕϊŹ͢Ϲϴ˛ƥϯ
íɪϲȨϐЈϴϵcЀϭϮϏЈϋΐ
Ɲ˵ŽϮϵϊW1ȶϲϵĖˣƿƱϴΆxУХЯшϮϏЈДіФіϯǜµУХЯшϴŹ͢Ќ
ЇϛЈϋДіФіϮϵ/¤̃ϴДіФіǜϲЅЈȒ!ϖŹ͢ϊ]ǔУјђϴȂЉŹ͢ϥ
ϟϭЛѐіЛУынбȨЖБђУјђϴȂЉŹ͢ϮϏЇϊ̰ˆϱϪϧщЗдЦш˛ƥϯíɪϲ
ϫϐϭУХЯшЦДіФдЏёіМϴЏпєјЬϔІ[ʞϟϭ˵ϠЈϋǜµУХЯшϮϵƛ˛Ǚ
ϮϏЈȦa˛ĵ4xǜϲЅЈ4xʴϴ¨ͺϲϫϐϭУХЯшЦДіФдЏёіМЌȨϐϧƁ
ϟϐ˛ƥϯíɪϲϫϐϭ˵ϠЈϋΐ
ΐ
åãåäàiÁdĠtYΐ
Ɲ˵Žϵ$ϴ ΝɣϮƹŁϝЉЈϋƝ˵ŽϴT1IЌ± ΘΔΘΗњΘΝ ͳћϲɏϡϋΐ
ɧ Θ ɣύď˵ώϮϵϊĖˣƿƱϯȆȀǜͽϴǉϯxϲϫϐϭ̟ϺϊǂϐϮĖˣƿƱϴ
ɐ*ȶϱĠͲϊfå͗:ʟϊĖˣƿƱϴ5ЋЉƂϲϫϐϭ˵ϠЈϋϥϟϭĖˣƿƱϲȨϐІ
ЉЈȆȀǜͽϴ̓їɚͽϯĖˣƿƱϴƹ̩ϴƸȮϲϫϐϭɏϟϊȆȀǜŊˇʟϴɈɟ͕ȳϴ
í˺Ќ̟ϺЈϋǂϐϮϊƝ˵Žϴ˲ͺˣáϯȼȶЌ̟ϺЈϋϝІϲϊȆȀǜͽϴWEϡϺϖ¤
̃Ќ̟ϺϊƝ˵ŽϴƹŁЌɏϡϋΐ
ɧ Ι ɣύȆȀǜͽϕ̇®ϯϱЈŹ͢ϴƸ˓ϯŹ͢ϴaͽϱІϷϲƝ˵ŽϮЇϛЈʹȼώ
ϮϵϊƝ˵ŽϮЇϛЈДіФіϯǜµУХЯшϮϴȆȀǜͽϴŚЈʯϐЌЁϯϲϊȆȀǜ
ͽϕ̇ϜϟϑЈŹ͢ϴ̻.ϯϥϴ́˓ĒЌ̟ϺϊƝ˵Žϴí˺ϯϡЈПіхјеібϯ̻¤ϲϫ
ϐϭ̟ϺЈϋϽϧϊȆȀǜͽϴ̼Łaϯ¤̃ϴ͗:ϲϫϐϭЁƸ˓Ќ̟ϺЈϋȆȀǜͽϲ
̇®ϡЈŹ͢ϲϫϐϭϊ͝Ǽϯ͝ПіЯЙХбϴʃϾЋϣϲЅЈaͽЌɏϟϧϮϊƝ
˵ŽϮЇϛЈŹ͢˛ƥϯíɪϴʹȼЌaͽϟϭϐЈϋΐ
ɧ Κ ɣύĖˣƿƱȨДіФіϴȆȀǜͽϕ̇®ϯϱЈŹ͢ϴíɪώϮϵϊΚΕΘ ɮϵ̮ȨХЯ
јФϮϴŹ͢ϮϏЈ/¤̃ϴɲ³ːДіФіǜϲЅЈДіФіȒ!ϖϴ˛ƥϯíɪϲϫϐϭ
̟ϺϊΚΕΙɮϵ̮ȨХЯјФϮϴŹ͢ϮϏЈДіФірЭвИХНЭбȨϴ]ǔУјђϴȂЉ
íɪϲϫϐϭУХЯшЦДіФдЏёіМϴ Decomposition Analysis Resolution (DAR) Process
ЌıȨϟϭ®ЌżȤϟϭϐЈϋϜЉЌOϲŵʴϟϧУёПјіРшϯǔɿz NBR ϴУјђϲ
ϫϐϭЁ̟ϺЈϋΚΕΚɮϮϵ͕ȳХЯјФϮϴŹ͢ϮϏЈДіФіϴЛѐіЛУынбȨЖБђУ
јђϴȂЉŹ͢ϴíɪϲϫϐϭ̟ϺЈϋϜϴɣϴ±ˉϓЅϷајЪϵϊʿʟϕɲʫx̎Ŋˇ
ʟ~*њSociety of Automotive Engineer$ SAEћϲŎɜϟϧÜˇˬ˵Ž[55]-[57]ϊƫ˱!ϖ
³͡*˸ȳˉ[58]ϊϱІϷϲʿʟϴ˛˰ˡ[59]-[62]ϔІ̐̔ϟϧЁϴϮϏЈϋΐ
 	
ɧ Λ ɣΐ ύȦa˛ĵ4xǜϲЅЈǜµУХЯшϴŹ͢ϴ˛ƥϯíɪώϮϵǃāϮóSϝЉϧ
Ȧa˛ĵ4xǜњ$иБЖǜћϹϴ̮ȨХЯјФϮϴĖˣƿƱщјЗϴпєФГЛбЬјш
ϲЅЈíıЌƖcϲ˰ƊϡЈϋíıϴZçϵƑáíɪњ$ɅƙíɪћϯϟϭиБЖǜϴ5Ȩ
цдэЏђЌȳˆϟϊķíɪњ$͒ƙíɪћϯϟϭ/¤̃ϱиБЖǜϲ̶ϡЈǜµУХ
Яшϴƿ«ЌŵʴϟϧϜϯϮϏЈϋϟϔϟϊ̪ϴíɪĦЁǜµиђоϴ4xʴϕƛ˛Ǚϴ
ϽϽǋЇ[ȳЁ̇ϜϪϭϐϧϋϜϴ˲ͺϲϫϐϭУХЯшЦДіФдЏёіМϴ˖ȏϔІУХЯш
ъаёіМ˝ˮϮϏЈ Systems Modeling Language њ$ SysMLћϲЅЈˡ̟ϲ½ϬϘ˛ƥϯ
íɪϲϫϐϭ̟ϺЈϋSysML ЌȨϐϭǜµУХЯшϴ½ƝщЗдЦшЌˡ̟ϟϧϮȦa˛
ĵ4xǜЌ̇®ϯϡЈ4xʴϲʭЈщЗдЦшЌ˛Ɗϟϊ4xʴЌ͙ǄϡЈíɪЌóϖ`
ϡϋϥϟϭϊSysML ϴßTϲșzϟϧŗěпєнЎБђ Safety Modeling Languageњ$
SafeMLћЌȨϐϭ4xʴПіЯЙХбϓЅϷϥϴíɪưЌˡ̟ϟϭϊƖЁƗwϱíɪЌ̹á
ϮϖϧϜϯЌ̟ϺЈϋƝɣZϴ±ˉϓЅϷајЪϵϊʿʟϴ Synthesiology ϯ SAEϴÜˇˬ˵
Ž[63][64]-[66]ϊƫ˱!ϖ³͡*˸ȳˉ[45][46]ϊ³͡*˸ȳˉ[67]ϱІϷϲʿʟϴ˛˰ˡ
[68]ϔІ̐̔ϟϧЁϴϮϏЈϋΐ
ɧ Μ ɣύʞëώϮϵϊĖˣƿƱщјЗϴħƢϴŹ͢íɪϴƂǠϲϫϐϭ̟ϺϊĦϴƗq
ϱŹ͢íɪϯϱЈɻǅǜͽЌȨϐϧщіЯгіХϲϫϐϭ˵ϠЈϋǂϐϮϊŹ͢íɪϴУХЯ
шЦДіФдЏёіМϴЏпєјЬϲЅЈŹ͢˛ƥϯíɪϴʅƧЌ˵ϠЈϯVϲϊϜЉІϴУХ
ЯшЦДіФдЏёіМϲ½ϬϘŹ͢íɪϴƂǠϕϊʱϴƿƱˣEϏЈϐϵˑͥУХЯшϲ
Ёġɢϫʥĵϲϫϐϭ˵ϠЈϋΐ
ɧ Ν ɣύʅ˵ώϮϵϊƝ˵ŽT1ϴϽϯЀЌ̟ϺЈϯϯЁϲϊʅ˵Ќ̟ϺЈϋąƜϲϵϊʞ
ŽȟϊɈɟƶʗЌʞ̂žϯϟϭsϒT1ϴƹŁϯϡЈϋΐ
ΐ





 



± ΘΔΘΗΐ ΐƝ˵ŽϴT1Iϯɣ͖ϴ͗:ΐ
  
:







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 	Transactions, SAE Paper 
951038 (1995) 
 	Transactions, SAE Paper 
971632 (1997) 
 	Synthesiology 12, 2 (2019) 
 	Transactions, SAE Paper 
960210 (1996) 
 nASTM Selected Technical 
Paper 1339 (2001) 
 SAE Paper 2005-01-3574 
(2005) 
 ?:Transactions, SAE Paper 
840262 (1984) 
 nTransactions, SAE Paper 
932375 (1993) 
 n Product Lifecycle 
Management for a Global Market, 11th 
IFIP WG 5.1 International Conference, 
PLM 2014, p181-192 (2014) 
 	Transactions, SAE Paper 
900337 (1990) 
 
5#[]gZ:
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)i(:  9C4HIP7K/H9INLJ&'J	OEP8%:
)j( 1#TfZfK 9C4HIP7K*:
 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ŧà |ÜċÅ3ĔĪcØĠs³ĝÜĞĨġğiÁdğ+ĩĐĪ
Úà
ĖˣƿƱϴДіФіϯǜµУХЯшϔІϱЈΆxУХЯшϮϴȆȀǜͽϴŚЈʯϐϯϊϜЉ
ϲ̇®ϟϭŹ͢ϴ́˓ĵϲϫϐϭ̟ϺЈϋДіФіϲϫϐϭϵϊZ̻ϴƹ̩ϯȆȀǜͽϓЅ
ϷȔϴǨЉϱϰϯVϲŹ͢ϕ̇ϜЈ̻.ЌɏϡϋȆȀǜͽϴɚͽϯϥϴŁaϲϫϐϭЁƸ˓
Ќ̟ϺϊŹ͢ϯϴ͗:ЌɏϡϋϽϧϊȆȀǜͽϲ̇®ϡЈŹ͢ϴaͽϯƝ˵ŽϮЇϛЈʹ
ȼϲϫϐϭЁ̟ϺЈϋΐ

æãåàNºupĠÝ$ľŀņŗĝ|ÜĠ^Ī¬ĈĝtÊΐ
̜čϴĖˣƿƱϴΆxУХЯшϵϊj̟ϴǜµУясђњ± ΘΔΟћϴЅϑϲДіФіϯÌŻϴ
ǜµƿ«ϔІƹŁϝЉЈǜµУХЯшϯϴʃϾЋϣϱϪϭϐЈϋϜϜϮϵϊa͂ƽƀȶϮУ
ХЯшϴƹ̩ϯŚЈʯϐЌ±ȶϲˉȣϮϖЈ SysML (Systems Modeling Language)[52]ЌȨϐ
ϭΆxУХЯшϮϴȆȀǜͽϴŚЈʯϐϓЅϷДіФіƹ̩Ќɏϡϋΐ
ΆxУХЯшϴЏЛЯАлЯА±Ќ± ΙΔΘ ϲɏϡϋ SysML ZϴˉˡϮϵϊʹˮЌȨϐЈϋД
іФіњEngineћϵȳȦϟϧ`qњGenerate PowerћЌǜµУХЯшњHydraulic Systemћϲ+ϒЈϋ
ϜϴДіФі`qϲЅЇǜµУХЯшϕ4xϟϭ4ƶˍʛ(Work Component)ϮϏЈşiˍʛ
њExcavate EarthћϊƄ­ˍʛњRotate Excavating Directionћϯ̆ˆˍʛњRun MachineryћЌxϔ
ϡϋǜµУХЯшϲϵϊЋϢϔϱ̓ϮϏЈϕË̻ϴɠǓϕ`SЇϡЈЅϑϲϱϪϭϐЈϋşiˍ
ʛϵ± ΘΔΟ ϴşiиНЭбЌϿ4ƶƿϮϏЇϊƄ­ˍʛϲЅЇƄ­фаАϕΆxϝЉЈϋ̆
ˆˍʛϵЛєјѐϴϜϯϮϏЈϋϜϴǜµУХЯшϲϵ4xǜϕ5ЋЉϊΊµǜϴµqϵǜµ
± ΙΔΘΐ ΐĖˣƿƱϴΆxУХЯшϴŚЈʯϐЌˉϡЏЛЯАлЯА± 
 )
УясђϮϵ 35 MPa ϕƻǽȶϱAϮϏЈϋЖтѓјЪњOperatorћϵǜµУХЯшЌű4ϟϭ
Tϭϴ4ƶЌˆϑϋДіФіЌCǄϡЈњPower OffћϜϯϲЅЇ4ƶϵCǄϡЈϋǜµУХЯш
ϴ˫ʁϲϫϐϭϵ Λ ɣϮĦ̟ϡЈϋϜϴЅϑϲ̜čϴĖˣƿƱϴΆxϵДіФіϯǜµУХЯ
шϨϚϮˆЋЉЈϧЀϊДіФіϽϧϵǜµУХЯшϕŹ͢ϡЈϯĖˣƿƱϵxϔϱϘϱЈϋϜ
ЉІϴˍʛϵÍϖϘ́ϐϧЀÍºЛѓјіЌȨϐϧÍŠϔЇϱ=Ȥϕİ˓ϯϱЈϋ 
ДіФіϲϫϐϭϵДіФіǜњ$ƝɣϮϵ EO ϯϡЈћ$ËϲȕžϊŞ`ИХϊȔϊ^
ǮϴŚЈʯϐϕŹ͢ϲÍϖϘĠͲϡЈϋ±ΙΔΙϴZ̻оєЭЛ±ЌȨϐϭ$ϲʃϾЌ˰Ɗ
ϡЈϋДіФіZ̻ЌϊДіФіǜϴ7ʈЏЭЧіоёњOil Feed AssemblyћϊДіФіоєЭЛ
њEngine Block AssemblyћϊйѕјȳȦЏЭЧіоёњPower Production AssemblyћϊУёіЫѐБ
гЏЭЧіоёњCylinder Liner AssemblyћϊЛѐіЛУынбЏЭЧіоёњCrankshaft Assemblyћϊ
xėƿƹїУёіЫрЭвЏЭЧіоёњValve Train and Cylinder Head Assemblyћϴ 6ϫϴЏЭ
ЧіоёϱІϷϲрЭвИХНЭб̻¤њHead Gasket PartsћϲaϚЈϋΎʵϴʒϮɏϡȕž
њFuelћϵϊxėƿƹїУёіЫрЭвЏЭЧіоёϴȕž¬ñСоЏЭУњFuel Injection Subass’yћ
ϔІйѕјȳȦЏЭЧіоёϴмХбіњPiston Partsћϲ¬ͫϝЉϭȕȒϡЈϋΏʒϮɏϡȕ
ȒϲЅЈqњPowerћϵйѕјȳȦЏЭЧіоёϔІ`ϭϊЛѐіЛУынб̑њReciprocation to 
Rotation Conversion Partsћϲ+ϒІЉЈϋϜϜϮģĪ̮xϔІ­̮̐ĒϲÊϒІЉϭË̻ϲД
іФі`qњEngine Powerћϯϟϭ+ϒІЉЈϋȕȒϮȳȦϟϧŞ`ИХϵрЭвИХНЭбϲЅЇ
éïϝЉϭŞǓиђоЌ̧ϪϭË̻ϹŞ`ϝЉЈϋ̻ϴȕžϵàTϲȕϒϢϲ EO ϲϡ
ϡϯϟϭǰSϡЈϋȕȒϮȳȦϟϧȔϵмбіёіМЌ̧ϠϭУёіЫѐБгϲЅЇ]ϝЉЈϋм
ХбіϯмХбіёіМϵȕȒϴȔϮΊǶϲϱЇϊEOϴ̀ztzϲЅЈѐЭЗјϕ!ɁϡЈϋϜЉ
ϵƝ˵ŽϮЇϛЈŹ͢ϴ®ϯϱЈϋxėƿƹїУёіЫрЭвϵУёіЫрЭвϴ]ǔ
̌њCylinder Head Coolant GalleryћϮ]ϝЉЈϋ^ǮϵƖcϲДіФіЖБђЛјѐ
њCooling Oil Subass’yћϮ EO Ќ]ϟϧĦϊУёіЫоєЭЛZϴ]ǔ̌њCoolant Galleryћ
Ќ̧ϪϭУёіЫѐБгϴË ̻Ќ]ϡЈϋϥϴĦϊрЭвИХНЭбϴǔУјђЌʄȪϟϭУ
ёіЫрЭвЌ]ǔ̌Ϯ]ϟϧĦϲϊДіФіË̻ϴѐФДјЪϲʭЈϋрЭвИХНЭбϵ
ΊǶїΊµϴȕȒИХϊ^Ǯϯ EO ЌéïϡЈ́˓ϱġpЌŘϪϭϐЈϋƝ˵ŽϮϵϊϜϴ
̻¤ϴŹ͢ЌЇϛϭϐЈϋ 
EOϵДіФіǜϴ7ʈЏЭЧіоёZϴЖБђйіњoil pan: Reserve Oil Subass’yћϔІЖБ
ђµ̢СоЏЭУњpump: Pumping Oil Subass’yћϲЅЇ̢Ї`ϝЉϊДіФіЖБђЛјѐϮ]
ϝЉϊЖБђнАђЪњfilter: Dust Eliminating Subass’yћϮϵϊϡϡϯŮʡɳϕЊ̰ϝЉЈϋϥ
ϴĦϊ EO ϵДіФіоєЭЛZϴǜ̧̌њOil GalleryћϔІϊϲЛѐіЛУынбϴ̑
њBearing Metal PartsћЌȆȀϡЈϯƍϲϊйѕјȳȦЏЭЧіоёZϴПієЭвњConrod 
Subass’yћЌʄȪϟϭмХбіϲ¬ñϝЉϭϊϜЉЌ]ϡЈϋЛѐіЛУынбQɥϯĦɥϲϏЈ 
 
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ЛѐіЛУынбУјђњCrankshaft Seal PartsћϵДіФіZϴ EOЌéïϟϭϐЈϋЛѐіЛУы
нбϴĦɥ̻ϵДіФі`qЌË̻ϲЇ`ϡϧЀȽĤϕÍϖϘϱЇϊϜЉϲíıϟϭУјђ
ϴZĤЁÍϖϘϱЇéïϕͧϟϐϋƿɚϲЅϪϭϵĘ̂ˍʛDϴ TMǜЁϜϴЛѐіЛУынбУ
јђϮ EO ϯƍϲéïϝЉЈϜϯЌ˓ǖϝЉЈϧЀϲϊŊˇȶϱ¯ͧϝϕúΊϐϋϽϧϊУ
јђЛѐіЛУынбУјђϴʠĵϲϵ EO ϴ¤̃ЁĠͲϟϭϐЈϋƝ˵ŽϮϵЛѐіЛУы
нбУјђϴŹ͢ЌЇϛϭϐЈϋ 
мХбіϲ¬ñϝЉϧ EO ϵϊмХбіёіМϯУёіЫѐБгЌȆȀϟϭЖБђйіϲŃЈϋУ
ёіЫѐБгϲϵȕžϴàTȕȒϲЅЇȦϠϧϡϡϕ!ɁϟϭϓЇϊмХбіёіМϲťϖʾϯ
ϝЉϭ EO ϲǰSϡЈϋДіФіоєЭЛZϮ EO ϴ̻ϵϊрЭвИХНЭбϴǜУјђњOil 
Seal SubpartsћЌʄȪϟϭŞǓиђоϱϰЌΆxϡЈxėƿƹњValve Driving Subass’yћЌȆȀ
ϟϧĦϊЖБђйіϲŃЈϋ 
Ɲ˵ŽϮЇϛЈДіФіϴŹ͢ϵϊZ̻оєЭЛ±ϲƯʵϲɁʵϟϧΑΘΒΊǶϲϝІϝ
ЉЈмХбіёіМϊΑΙΒȕȒИХϊΥΫ ϯ^ǮЌƍϲУјђϡЈрЭвИХНЭбϴǔУјђϊ
ϥϟϭΑΚΒЛѐіЛУынбĦɥϴЛѐіЛУынбУјђϲȦϠϧЁϴϮϏЈϋϐϢЉЁˑͥϱ5
Ȩơ&ϯϊʠĵϴ˓ϯϱЈ̻¤ϮϏЈϋΐ

æãæà|ÜĠÜĝÎ.Yċ*ĤĔcØĢĠRÙà à
Ɲ˵ŽϮЇϛЈŹ͢ϲĠͲϡЈȆȀǜͽњLubricantsћϲϫϐϭϊ̼ŁaЌ± ΙΔΚ ϴ
оєЭЛáʝ±ЌȨϐϭɏϡϋϜϜϮϵϊȆȀǜͽϴɆǜɸȆȀǜњLubricating OilћϊȦa
˛ĵ4xǜњBio-Hydraulic Oilϊ$иБЖǜћϯ^ǮњAntifreeze Coolantћϲϫϐϭ̟ϺЈϋ
Ɇǜɸϲϵˉ ΘΔΙ ϲɏϟϧЅϑϲÌϘϴɚͽϕϏЈϕϊEO ϯ4xǜϮ#ˉϝЉЈɆǜɸȆȀ
ǜϵɆǜϴ½ǜњPetroleum Base OiћϯŻɚͽϴǱsmњAdditivesћϕ̼ϝЉϭϐЈϋǱsm
ϵϊΘΕΟ ɮϮj̟ϟϧЅϑϲ̀z͙ǄmњAnti-oxidantћϊŮʡ͙ǄmњAntiwearћϊʨ΁͙Ǆm
њCu Corrosion InhibitorћϊǲǩmњDetergentћϊaźmњDispersantћϊɶĒ˳żmњViscosity 
ModifierћϱІϷϲǭǡmњAntifoamћϮϏЈϋДіФіǜϵTϭϴǱsmϕ̼ϝЉЈϕϊș
ϲǲǩmϴ̼̓ϯϥϴɚͽϕƖЁ́˓ϮϏЈϋ/¤̃ϴДіФіǜϵǲǩĵϴ̼ϕõϱ
ϐϧЀϲДіФіŹ͢Ќ̇ϜϡϜϯϕÌϐϋ̜čϴŞ`ИХíɪȨϴДіФіϲíϟϭϵϊĦ
_ȤˍʛϹϴĸĠͲЌōϒЈϧЀϲϊEO ϴǲǩmϴ̼̓ЌǴІϡİ˓ϕȦϠϭϐЈϋϽϧϊ
Ħ_ȤˍʛϴĠͲϮῒz͙Ǆmϴɚͽϴ˔Ƚϟϕİ˓ϯϱϪϭϐЈϋ 
Ɇǜɸϴ4xǜϲϵ̀z͙ǄmϯŮʡ͙Ǆmϕįϴ̼ϯϱЇϊǲǩmϏЈϐϵaźm
ϵȨϐІЉϱϐϋ/¤̃ϱ4xǜϵŮʡ͙ǄĵϕtϪϭϐЈϜϯϕÌϐϋQ̫³ϮϵɃІЉ
ϭϐϱϐϕ½ǜʫ1ϴ¤̃Ё¨ͺϮϏЇϊȳø̦³Ϯ4ІЉϧɷːʴϴ½ǜϲЅЇǜµ
 
УХЯшϴЖБђУјђϴȂЉŹ͢ϕȦϠϧНјХЁϏЈϋ 
иБЖǜϵʽɚǜњRape Seed OilћϔŁДХЯђǜњSynthetic Esterћϕ½ǜϯϟϭȨϐІЉϊ
ǱsmϲϵȥÆǐĵϕϱϐЅϑϲõ̓ϴ̀z͙ǄmϊŮʡ͙ǄmϓЅϷ͉̈́ϴ͙΁mϕ
̼ϝЉЈ[69]ϋʽɚǜϵ̀zϟЂϡϐǁȏϕϏЈϕϊϜЉϲȥÆǐĵϕϱϐǱsmњBio-
AdditivesћϯϟϭлЪчі C ϏЈϐϵ EњVitamin C or EћϊϏЈϐϵиБЖǜðȨϴŮʡ͙Ǆm
њBio-AntiwearћЌ̼ϟϭȨϐІЉϧ6ЁϏЈϋĖˣƿƱϴ5Ȩơ&ϮϵϊϜϴЅϑϱʽɚǜ
ɸϴиБЖǜϵtzϕʿϟϐϧЀ5ȨϝЉϱϘϱϪϭϐЈϋŁДХЯђϴ½ǜϵÌƺϱɚͽ
ϕϏЇϊʽɚǜЅЇϵ̀zßáĵϕʴϐЁϴϴϊǱsmϴ̼̓ϕɆǜɸ4xǜϴ}a$
ϯõϱϐϧЀϲɆǜɸ4xǜϲǑϺЈϯ¤̃ϵ/ϐϋϽϧϊŁДХЯђϴ½ǜϵРшЌʪȆ
ϝϣЂϡϘϊŮŲ:ŻЁ̰oϲ/ϘϱЈǁȏϕϏЈϋϜϴϧЀиБЖǜϵ̀z͙Ǆĵϊʨ΁͙
ǄĵϊŮʡ͙ǄĵϊŮŲ:ŻϊРшʪȆ͙ǄĵϱϰϴTϭϴ¤̃ϕ/ϐ[64]-[68]ϋϟϔϟϊю
јТϔІϵĖˣƿƱϕʫȑȥÆϲĸĠͲЌϼϝϱϐЅϑϲϊ/¤̃ϮϏϪϭЁиБЖǜЌɝ
ƷȶϲĖˣƿƱϲȨϐЈϜϯϕюјТϔІ˓ƘϝЉϭϐЈϋΐ
^Ǯ(Antifreeze Coolant)ϵϊ5ȨƍϲǔњWaterћЌ 4070љϴŁaϯϟϭϊǔϴ^ʅЌ
͙ϙМёПјђњGlycolћЌsϒϭϐЈϋ͙΁ȨϴǱsmњInhibitorћϯϟϭ pH ЌĚЏђЗёĵϲ
;ϫʔˈǮњpH Buffer Solutionћϊ͉Ȩϴ͙΁mњCu Corrosion Inhibitorћϊ͆ϴ͙΁mњFe 
± ΙΔΚΐȆȀǜͽϴ̼ŁaЌˉϡоєЭЛáʝ± 
 
Corrosion InhibitorћϊЏђчдВшϴ͙΁mњAl Corrosion Inhibitorћῒz͙ǄmњAnti-
OxidantћϯǭǡmњAntifoamћϱϰϕ̼ϝЉϭϐЈ[70]ϋǔϕŁaϴϧЀ^ǮϴɶĒϵ
4xǜɶĒϴ 1/15њ80πћϯ/ϘϊȆȀĵЁϱϐϧЀУјђϵͧϟϐϋ 
à
æãçà|ÜğÅ3ĔĪcØĠÜà à
ISO/IEC GUIDE 51:2014[71]ϲЅЉ϶ϊ± ΙΔΛ ϲɏϡϯϓЇϊåњHarmћϵϊ͝ǼϽϧϵ
͝њHazardћϴϾϮȦϠЈЁϴϮϵϱϘϊ2Іϔϴ͝ПіЯЙХбњHazardous Contextћϕ́
ϱϪϭȦϠЈϋĖˣƿƱϴȆȀǜͽϲ̇®ϡЈŹ͢ЌϊĖˣƿƱϹϴåњHarmћϯϡЈÀ
ϲϫϐϭϵϊŹ͢ϲϐϧЈ͡ϴ͝ϯ͝ПіЯЙХбЌǂϴɚͽϲaͽϡЈϜϯϕϮϖЈϋ 
!! Ź͢aͽ ΦѢΐ ĖˣƿƱϴΆxУХЯшZϲƁϟϐˣ˞ЌóSϟϧϜϯϲЅЇϊƻǽȶϱ
ȆȀǜͽϴ¤̃ϴ͛ȬЌ̈ϒϭ5ȨϡЈНјХϕȦϠϊϜЉϕ͝ПіЯЙХбϯϱЇϊ
ΆxУХЯшZϲŹ͢ϕȦϠЈϋΐ
!! Ź͢aͽ ΦΦѢΐ /¤̃ϴȆȀǜͽЌȨϐЈϜϯϕ͝ǼϯϱЇϊΆxУХЯшϕƺ̧Ї
ϲx4ϡЈϜϯϕ͝ПіЯЙХбϯϱϪϭΆxУХЯшZϲŹ͢ЌȦϠЈϋΐ
ϜϜϮϊȆȀǜͽϴƻǽȶϱ¤̃ϯϵόϴĖˣƿƱщјЗϕĆÀϴȆȀǜͽϴ˳ƫЌЁϯ
ϲ˕áϟϭϐЈЁϴϮϏЇϊĆÀϲϵ/¤̃ϱȆȀǜͽϕÛ¶ϡЈϋΐ
ΐ
Ź͢aͽ Φ ϮȦϢЈŹ͢ϵϊƝƢϵƁϟϐˣ˞ЌóSϡЈ͕ȳХЯјФϮˆЋЉЈƵ˧Ϗ
ЈϐϵÕĞĵɍ˭ϴϮŹ͢ϡЈϜϯϕ˭˷ϝЉϊíɪϝЉЈϺϖϮϏЈϋϧϨϟϊ͕ȳƙ͖
ϕ͒ęϘϜϯЌ̺ϚЈϧЀϲϵϊŹ͢ϴƈĴϱ®˛Ɗϯíɪϕİ˓ϮϏЈϋŹ͢aͽ Φ ϴâ
6ϵϊΚΕΙ ɮϴ]ǔУјђϴŹ͢ϊΐ ΚΕΚ ɮϴЛѐіЛУынбУјђϴŹ͢ϮϏЈϋ]ǔУ
јђϴŹ͢ϵ͕ȳХЯјФϮȳ˔ϝЉϢϲ̮ȨХЯјФϴŹ͢ϲϱϪϧ6ϮϏЈϋƂϊЛѐ
іЛУынбУјђϴŹ͢ϵ͕ȳϲ̬ЉЌϖϧϟϧЁϴϴϊ͕ȳϲíɪϕʥϲϱЇ̮ȨХ
ЯјФϮϴŹ͢ЌȦϠϱϔϪϧ6ϮϏЈϋΐ
Ź͢aͽ ΦΦ ϵϊ̮ȨХЯјФϮϊ/¤̃ϴȆȀǜͽЌȨϐЈϜϯϲЅЇȦϢЈŹ͢ϮϏЇϊϜ
ϴʅƧϊĖˣƿƱϴюјТϵ4ƶϴCǄЌ3KϱϘϝЉÍϖϱˋåЌˋЈϋщјЗDϵюјТ
± ΙΔΛΐ͝ПіЯЙХбϯåϴ͗:ΐ
Hazard HazardousContext Harm 
 
ϲɻǅ̻¤ϯϟϭϴȆȀǜͽњ$ɻǅǜͽћϴ5ȨЌţÓϟϭϐЈϕǫËϮϵ|aϱ7ʈ
1gϕϱϘϊĆ˽ϴǑ̓ȶ¤̃ϴΊϐȆȀǜͽЌřáϡЈЁϴϴß8ϮSŅϟЂϡϐ/¤̃
ϴȆȀǜͽϕ5ȨϝЉϭϊíɪ̀Ȩϴ˼ŔϕȳȦϡЈϜϯϯϱЈϋĆÀϲϏЈÌƺϱ¤̃ϴȆ
ȀǜͽϕȨϐІЉЈ͛ЇϵŹ͢aͽ ΦΦ ϴŹ͢ЌàTϲ͙ϙϴϵ¯ͧϮϏЈϋϜϴâ6ϵ ΚΕΘ
ɮϴ/¤̃ДіФіǜϲЅЈȒ!ϖŹ͢ϊΛ ɣϴиБЖǜϲЅЈǜµУХЯшϴŹ͢ϮϏЈϋ
Ź͢aͽ ΦΦ ϵĖˣƿƱϮƖЁÌϘȳȦϡЈȆȀǜͽϲ̇®ϡЈŹ͢ϮϏЈϋΐ
ΐ
 iÁdĜ+ĩĐĪcØĝFĠÚ
Κ ɣϓЅϷ Λ ɣϮϵϊĖˣƿƱϴΆxУХЯшϴ˓ϮϏЈДіФіϯǜµУХЯшϴŹ͢í
ɪЌЇϛЈϋˉ ΙΔΘ ϲϊΚΕΘѮΚΕΚ ɮњSectionћϓЅϷ Λ ɣњChap.ћϴϥЉϦЉϲϫϐϭϊΆ
xУХЯшϊйјЮϊŹ͢aͽϊħƢϏЈϐϵƻǽȶϱΆxУХЯшZϴ5ȨϮϴŹ͢ȳȦ
њFailure in Previous or Usual Driving SystemћϴƗȐϊ͝ќϧЈ͝ПіЯЙХбњMajor 
Hazardous ContextћЌϽϯЀϭɏϟϭϐЈϋΐ
ДіФіϴŹ͢ϲϫϐϭϵϊˑͥϱ5Ȩơ&ϯʠĵϴЙјϯϱЈмХбіёіМњPiston 
RingћϊрЭвИХНЭбϴ]ǔУјђњHead Gasket Coolant SealћϯЛѐіЛУынбȨЖБђ
УјђњCrankshaft SealћϊǜµУХЯшϲϫϐϭϵǜµиђоњHydraulic ValvesћЌɏϡϋŹ
͢aͽ I Ϯϵj̟ϴϯϓЇϊ3.2 ɮύрЭвИХНЭбϴ]ǔУјђώϯ 3.3 ɮύЛѐіЛУынб
ȨЖБђУјђώϮϏЈϋŹ͢aͽ I ϮϵϊȨϐІЉЈȆȀǜͽϵƻǽȶϱ¤̃ĵʥњCoolant 
Original Properties: Low Viscosity and Low LubricityϊϽϧϵ Typical Oil-film Thickness of 
Genuine EOћƗϡЈϧЀϊħƢϏЈϐϵƻǽȶϱΆxУХЯшϮ5ȨϝЉϭЁϊŹ͢ϵȳȦϟ
ϱϐњNo FailureћϋϟϔϟϱϕІϊƁϟϐˣ˞ϴóSϲЅЇУјђ ̘ϴÊ.ϴÇsњTo 
Increase Displacement Surrounding SealћϏЈϐϵ̨ĒϴÇsњTo Increase Oil Seal Speedћϱϰ
ˉ ΙΔΘΐƝ˵ŽϮЇϛЈ̻¤ϴŹ͢ϯíɪϴŹ͢aͽΐ
Chap. &
Section
Driving
System
Parts Failure
Classification
Failure in Previous
or Usual Driving
System
Hazard Major Hazardous
Context
3.1 Piston Ring II Fail Low Quality (Detergency)
of EO
To Deposit Lacquer to
Piston Ring Groove
3.2 Head Gasket
Coolant Seal
I No Failure Coolant Original
Properties: Low Viscosity
and Low Lubricity
To Increase
Displacement
Surrounding Seal
3.3 Crankshaft Seal I No Failure Typical Oil-film
Thickness of Genuine EO
To Increased Oil Seal
Speed
4 Hydraulic
System
Hydraulic Valves II Fail Low Anti-Oxidation
Performance of Bio-oil
To Generate Lacquer
Engine
 
͝ПіЯЙХбϴÛ¶ϲЅЇϊȆȀǜͽϴ¤̃ĵʥϴ͛ȬЌ̈ϒϭŹ͢Ќ̇Ϝϡϋ 
Ź͢aͽ IIϵj̟ϴϯϓЇϊ3.1ɮύДіФіϴмХбіёіМώϯ ΛɣύǜµУХЯшϴǜµи
ђоώϮϏЈϋ͝ǼϯϱЈ/¤̃ϱȆȀǜͽϵϊħƢϏЈϐϵƻǽȶϱΆxУХЯшϮŹ͢
Ќ̇Ϝϡϋ/¤̃ϱДіФіǜњLow Quality (Detergency) of EOћϵϊДіФіϴмХбіёіМ
ǾϲѐЭЗј!ɁЌ̇ϜϟњTo Deposit Lacquer to Piston Ring GrooveћϊϜЉϕ͝ПіЯЙХб
ЌȦϠϊ/̀z͙ǄĵϴиБЖǜњLow Anti-Oxidation Performance of BOћϵѐЭЗјЌȦϠ
њTo Generate LacquerћϊϜЉϕ͝ПіЯЙХбϯϱЇϊǜµУХЯшϲŹ͢ЌȦϠЈϋ 

 	
 çà NºupĲšĿšĠ|ÜċÅ3ĝĞĪcØĠFà
à ƝɣϮϵ̮ȨХЯјФϮȦϠϧ Ι &ϴДіФіϴŹ͢ϯϊ͕ȳХЯјФϮȦϠϧ Θ &ϴДі
ФіϴŹ͢ϲϫϐϭ̟ϺЈϋΐ

çãåà1ÄĠ¢5²ĲšĿš|ğħĪĲšĿšČĠ¶kà
ĖˣƿƱщјЗϵ³ZϓЅϷУсёЏϮ5ȨâʗϴϏЈÍºођвјТЌϊΘΠΟΗ čjĦϔ
Іɲ³ϲ`ʼЌÖЀϧϋ`ʼϟϧођвјТϵϊаАјШђДіФіњ$ДіФіћϴмХбі
ϯУёіЫϕȒϖ!ϘŹ͢њ$ДіФіȒ!ϖћЌ̇ϜϟϧϕϊДіФіȒ!ϖϴ®ϵçƋϲ
˛ƥϮϖϱϔϪϧϋϥϴϧЀϊĖˣƿƱщјЗϵДіФіϴ5ȨâĽ˛ƥЬјшϊˣ˞íɪЬ
јшϊȒ!ϖ͙ǄíɪЬјшϱІϷϲȕžїȆȀǜЬјшϴпєФГЛбЬјшЌʅŁϟϭ
®ɟƊϯíɪЌˆϱϪϧϋΐ
ʿʟІϵȕžїȆȀǜЬјшϯϟϭϊcЀϲɲ³ϴДіФіǜЌͤϟϭ¤̃ĵțЌ˳ƫϟ
ϧϕϊДіФіȒ!ϖϯϴ͗:ϵ2ЁĨІЉϭϐϱϔϪϧϋϧϨϟϊДіФіȒ!ϖЌ̇Ϝϟϧ
ДіФіϴ̻ϲмХбіёіМ²ɁϕȦϠϧϜϯϕЋϔϪϧϧЀϊДіФіǜϴǲǩĵϲϫϐ
ϭQˆɈɟЌ˳Ϻϧ[59]ϋмХбіёіМϴ²ɁЌ͙ǄϡЈǲǩmϵƈϐƍƙϲ͕ȳ[72]ϝЉ
ϭϐЈϋДіФіǜϴǲǩĵϵϊДіФі˩ΉЌȨϐϧ˨8˩Ή[73]ϕȣ¶ЁʱȶϮϏЈϋ
Hsu[74]ϵˡϴДіФіЌȨϐϧǲǩĵϴ˨8˩ΉЌУчэѓјбϡЈƞ˩ΉЌϐϘϫϔ
ɏϟϭϊ± ΚΔΘΔΘ ϴcƙϴуЭбЬэјоЯХбϕ5ȨϝЉЈϜϯЌ̟ϺϭϐЈϋуЭбЬэјо
ЯХбϵϊИѐХɭњGlass Capillary TubeћZϲõ̓њ0.3 Ѧѥ/hour)ϴДіФіǜЌхіпњOil 
from Syringe PumpћϮµ̢ϟϊɠǓϮœϟϛϭŞ`ϡЈϋ16ƍ͖ϴ˩ΉĦϲϊИѐХɭЌs
± ΚΔΘΔΘΐ ΐcƙϴуЭбЬэјоЯХбΐŽȟ[74]ЅЇ̐̔ΐ
 

ȔϟϧЏђчдВшоєЭЛϔІЇ`ϟϭϊǿmϮǥǩϟϧĦϲѐЭЗјϴ!ɁЌ˨8ϡЈϋИ
ѐХɭϴǶĒϵ 277!ϯϡЈϜϯϮϊДіФі˩ΉϴмХбіёіМ ЇϴѐЭЗј!ɁЌУчэѓ
јбϮϖЈϯϝЉЈϋϧϨϟϊуЭбЬэјоЯХбϯДіФі˩ΉϴʅƧϵUˉϝЉϭϐϱϐ[74]ϋ
ʿʟІϵ ϴƞ˩ΉЌ˩ϾϧϮϊуЭбЬэјоЯХбϮϴДіФіǜϯɠǓϯϴŚЈʯϐ
ϕϊДіФіZϮϴțĽϲ̜ϐϯʞϒϊϜϴƞ˩ΉƿЌː4ϟϭДіФіǜϯДіФіȒ!
ϖϴ͗:Ќ˳ϺЈϜϯϲϟϧϋƝ˵ŽϴƝɮϲϫϐϭϵϊSAE ϲϭ˵ŽȳˉϟϭÜˇˬ[55]ϲ
Ť̔ϝЉϭϐЈϋ 
ƝɮϮϵϊДіФіȒ!ϖϴуЭбЬэјоЯХбЌȨϐϧ®ϴ˛ƥϯíɪϲϫϐϭ̟Ϻ
ЈϋǂϐϮϊДіФіϲ͗ϡЈУХЯшъађЌȨϐϭϊуЭбЬэјоЯХбϕ˨8ϡЈДіФ
іǜϴ¤̃ϲϫϐϭ[ʞϡЈϋ¤̃ϴȰϱЈДіФіǜϮϴмХбіёіМϴŚЈʯϐЌȤ
˛ϡЈϜϯϮϊДіФіȒ!ϖϲʭЈщЗдЦшЌƵ˟ϮϖЈϜϯЌ̟ϺЈϋΐ
ΐ
çãåãåà¢5ĜĠĲšĿšČĠÀmĝ¶kà
Ťåťà ĲšĿšČĠ³3ĠÀmà
ˡпєФГЛбЬјшϵϊДіФіȒ!ϖϴ®ϯϱЇϑЈfå͗:ʟњStakeholdersћϕ͗
:ϡЈ˓®њPossible Factors for Engine Scuffingћϲϫϐϭ˳ƫЌˆϱϪϧњˉ ΚΔΘΔΘћϋюјТ
ϴщіЯгіХњMaintenanceћϲϫϐϭ˳ϺϧʅƧϵϊ]ǔˏʈњCoolant LevelћϊѐФДј
ЪϱϰƿƱϴǥǩњMachinery WashingћϊϏЈϐϵЖБђŨƍ͖ϴ̷ÞњOil Change Intervalћ
ϵƸϳ̶bϲˆЋЉϭϐЈњAdequacyћϋϧϨϟϊT˳ƫ̎
ϴZ 28љϴюјТϕДіФі`
qЌ˳żϟϭ̰˼ʼ̮̐њOverloadedћЌϟϭϐЈϋюјТϮϴĖˣƿƱϴ̮̐ơ&
њOperating Conditionsћϲ͗ϟϭϵϊ̿ƐњHot Climatic ConditionћϏЈϐϵɇÅϕʯϑțĽ
ˉ ΚΔΘΔΘΐ ΐ ДіФіȒ!ϖϴ˓®ϲϫϐϭϴ˳ƫʅƧϴ˗ˉ
No. Stakeholders Investigating Result
1 Coolant Level Adequacy
2 Machinery Washing Adequacy
3 Oil Change Interval Adequacy
4 Overloaded (28% User )
5 Hot Climatic Condition
6 Dusty Condition
7 Rocky Ground
8 Steep Ground
9 Good
10 To Be Investigated
11 Machinery Service Several Faults
Possible Factors for Engine Scuffing
Operating Load
The Same Conditions as 
Japan
Fuel Qualities
Engine Oil Qualities
Maintenance/Repair
MaintenanceUsers
Oil Suppliers
Operating 
Conditions
 
њDusty ConditionћϮϵϱϘϊ·ğơ&ϯϟϭЁýȻ·њUse in Rocky GroundћϽϧϵĴGſ·
њOperate instep GroundћЁõϱϘϊ5ȨâʗϴϏЈ³ZϯϻϼϠϮϏЈњThe Same Conditions 
as Japanћϋȣ·ɆǜщјЗ(Oil Suppliers)ϕюјТϲ7ʈϟϭϐЈȕžϲϫϐϭϊ24Сіпђ
Ќaƥϟϧϕ¤̃ϵʴÔњGoodћϮϏϪϧϋϟϔϟϊДіФіǜϲϫϐϭϵƆƝϴДіФіǜϴ
¤̃ĵțϕÍϖϘȰϱЈ͊ƩϕϏЇϊϥЉІϴ¤̃њEngine Oil QualitiesћЌ˳ƫϡЈİ˓ϕϏ
ϪϧњTo Be InvestigatedћϋСјлХ¥њMachineѧѫ ServiceћϴżEњMaintenanceѝRepairћϵ
Ż&ϴżEʴϕȣ·˳ƫϮ˔ϫϔϪϭϐЈϋϟϧϕϪϭϊДіФіȒ!ϖϲ͗:ϡЈ˓®
ϵϊДіФіǜ¤̃ϊ̰˼ʼ̮̐ϯżEʴϴϫϲʆІЉЈϋ 
áæâà ĲšĿš¶Àmà
± ΚΔΘΔΙ ϵɲ³ϲϭȳȦϟϧДіФіȒ!ϖЌȦϠϧДіФіϴa˛˳ƫ6ϮϏЈϋɥ
њNo.1007ћϵǅĊϲɛHϟϧДіФіϮϊмХбіϯУёіЫϴˉͯϲŪFϵϱϘŮʡЁõϱϐϋ
ƝДіФіϴмХбіϲϵΛƝϴмХбіёіМϕϏЈϋă4ϴДіФіϕȒ!Ќ̇ϜϟϭϐЈϋ
ϐϢЉЁмХбіϯУёіЫњCylinder LinerћϲȒ!ϖϲЅЈʕFњScuffingћϕȳȦϟϭϓЇϊУё
іЫϯёіМϴŮʡϕʿϟϘÍϖϐњLiner and Ring WearћϋȒϖ!ϐϧ Λ ϴϑϩϊăɥϴДі
ФіњNo. 1132ћмХбіϵȒ!ϖϲЅЈ̰ȔϮpЉϭϐЈњPiston CrackћϋϜϴϑϩДіФі Ι
± ΚΔΘΔΙΐ ΐɲ³ϮȒϖ!ϐϧођвјТȨДіФіϴa˛˳ƫʅƧ
 )
њNo.1083, No.1016ћϮϵϊΙ ȯȼϴмХбіёіМњ2nd Ringϊ$ЧЗівёіМћϕ²Ɂ
њStickingћϟϭϐϭϊЧЗівёіМϴŮʡЁƖ̻ϴмХбіёіМњ1st Ringϊ$бЭпёіМћ
ЅЇЁÌϐϜϯϕϊħƢϴДіФіȒ!ϖϮϵ˔ІЉϱϐșĭϮϏЈϋà
áçâà ĲšĿš|1ÄĠRÙ¶kà
ДіФіǜ¤̃ϴĠͲЌ˳ϺЈϧЀϲϊДіФіǜϴ͊ƩЌДіФіȒ!ϖϕȳȦϟϱϔϪ
ϧМђјпњEngine Oil Brands without ScuffingћϯϊȳȦϟϧМђјпњEngine Oil Brands 
Caused ScuffingћϲaϚϭˉϲϟϧϴϕˉ ΚΔΘΔΙ ϮϏЈϋДіФіǜϴ͊Ʃ AJϽϮϵ 25
ϴДіФіϮДіФіȒ!ϖϵ 2 6њEngine 1100ϊ1125ћϨϚϮϏЇϊˉϴϥϴ ϴ¨ͺ
њOther ProblemsћϲɏϡЅϑϲȕžБіФГЛЪϴŹ͢њFailure of Fuel InjectorћϽϧϵ=ȤчХ
њWrong assembly, Maladjustment of valveћϕ®ϯţáϝЉЈϋϜЉϲíϟϭ͊Ʃ KS ϽϮ
ϴ 21 ϵ 16 &њ76љћϲȒ!ϖϕȦϠϭϐЈϓЇϊДіФіǜϴ¤̃ϕȒ!ϖϲÍϖϘ͗:
ϟϭϐЈϯţáϝЉЈϋϽϧϊЧЗівёіМϴ²ɁњRing Stickћϵ͊Ʃ AJ ϽϮϵȷȐϲíϟ
ϭϊ͊Ʃ KSϮϵ 9&њ43љћЁȳȦϟϭϐЈϋ͊Ʃ T ϯ UϵĖˣƿƱщјЗϕţÓϟϭϐϱ
ϐ̒˼ʼДіФіȨϴ͊ƩњCC МѓјвћϮϏϪϧϴϮϊДіФіȒ!ϖϕȦϠЈʥĵϵÍ
ϖϐϋϜЉІϴ˛ƥʅƧϔІДіФіǜϴ¤̃ϕДіФіȒ!ϖϲ͗:ϟϭϐЈϯdƀϮϖЈϋ
5ȨâĽ˛ƥЬјшϕǣȼϟϧ̰˼ʼ̮̐њOverloadћϵϊДіФіȒ!ϖϴϱϐ͊ƩМђј
пϯȳȦϟϧМђјпƂϲϏЈϧЀϲĠͲϵƊɍϮϱϐϋ 
ˡϴДіФіǜ͊ƩМђјп͖ϴǱsmʃŁЌaƥϟϭǑ̓ϟϧ6Ќ± ΚΔΘΔΚ ϲɏϡϋ
φϮɏϡÃ½8њTotal Base Numberϊ$ TBNћ[75]ϵϊмХбіϲ!ɁϟϧϡϡЌǥǩϡ
Ј4ȨњǲǩĵћЌŘϫǱsmϴ̓ϴřƻϯϱЈϋψϮɏϡɋ̀ȌaњSulfated Ashϊ$
SAћ[76]ϵЗђУВшϊ͇ϱϰϴ̈́ùЌϿǱsmϴ̓ϴřƻϮϏЇϊϯЁϲ̼ϝЉϧǱ
smϴ̰̊ϴdáϴʞϲȨϐЈϋȒ!ϖЌȦϠϱϐ͊ƩњNo Scuff OilћAJ ϯ P ϱІϷ
ϲ UϊȒ!ϖϕÌȳϟϧ͊ƩњScuffed OilћKSњPЌ͜Ϙћϯ TϲϫϐϭϊTBN ϯ SAЌǑ̓ϡ
ЈϯĦʟϴ TBNϕЂЂ/ϐϕǙáȶϱĄϵϱϐϋΐ
ϥϜϮϊj̟ϴуЭбЬэјоЯХбЌʞϯϟϭϊÌŻϴДіФіǜЌǅɍϲ˨8ϮϖЈЅϑ
ϲϊИѐХɭϴϴ¹Ȕ¼ϯϥЉϦЉϴИѐХɭǶĒϕμ 0.5 π$ZϲϱЈЅϑ˩ΉƿЌ
ː4ϟϧϋ˩Ήơ&ϵj̟ϴ̧ЇϮϊsȔϟϧИѐХɭϲSϪϧДіФіǜϵϊɠǓϲЅЇ
µ̢ϝЉϭǮȁϲϱЇИѐХɭZЌŻ­ϟϭË̻ϲŞ`ϝЉЈϋʿʟІϕ͕ȳϟϧϴϵϊ
± ΚΔΘΔΛ ϴЅϑϲ˩ΉǶĒЌÊϒϭϊДіФіǜϴǲǩĵϴ͛ȬǶĒЌ˳ϺЈƂǠϮϏЈ[59]ϋ
Ϝϴ˩ΉϮϵϊsȔϟϧИѐХɭZ̻ϲ!ɁϡЈѐЭЗјϴ̓Ќʵ˔ƝϲЅЇ˨8ϟϊńáϴ
ʵϴȉϝњRating 6ћϲϱЈǶĒЌ͛ȬǶĒϯϡЈϋϡϱЋϩ͛ȬǶĒϵДіФіǜϕŘϫǲǩ
ĵϴʠȔĵϮϏЇϊ͛ȬǶĒњ$ʠȔĵћЌ̈ϒЈϯѐЭЗјϵǥǩϝЉϢϲИѐХɭϲÌ̓
ϲ!ɁϡЈϋДіФіǜ͊ƩϴʠȔĵњCritical TemperatureћϯДіФіȒ!ϖϴȳȦϯϴ͗
 
:Ќ± ΚΔΘΔΜ ϲɏϡϋʠȔĵϕ 280π$ϴДіФіǜ͊ƩϵДіФіȒ!ϖЌȦϠϭϐϱ
ϐϕϊ280πƛǻϴ͊ƩϮϵϊ͊Ʃ P Ќ͜ϐϭTϭДіФіȒ!ϖЌȦϠϭϐЈϋϜϴʅƧϔІ
ДіФіǜϴʠȔĵ̊ϕϜϴДіФіϴȒ!ϖ®ϮϏЈϯʞϒІЉϧϋƆƝϴĆ˽ДіФ
іǜϴʠȔĵϵ 280320πϴ͖ϲϏЇϊɲ³ːДіФіǜϴ¤̃ϵTϘȰϱϪϭϐЈϜϯЁƊ
ІϔϲϱϪϧϋɲ³ːДіФіǜϴʠȔĵϕƆƝːϲǑϺ/ϐϜϯϵƆɲƂϮTϘ˭˷ϝ
ЉϭϓІϢДіФіȒ!ϖϲЅЈŹ͢ϵǸϮϖϱϔϪϧϋɲ³ːДіФіǜϵИЩёіДіФ
ˉ ΚΔΘΔΙΐ ΐ ДіФіǜϴ͊ƩϲЅЈДіФіȒ!ϖϴżȤΐ
 
іϯаАјШђДіФіϲVȨʥϲˣ˞ϝЉϭϐЈϧЀϊаАјШђДіФіȨϯϟϭϴǲ
ǩĵϵȚȘϲϱϪϭϐЈϋ̜čϮЁ̻ϴɲ³аАјШђДіФіǜϵИЩёіДіФіVȨ
ϮϏЇϊƛϨϲʠȔĵϵ/ϐ͊ƩϕϏЈϋ 
± ΚΔΘΔΚΐ ΐȒ!ϖЌȦϠϱϐДіФіǜϯȦϠЈДіФіǜ͖ϴÃ½8 TBNњφћϯΐ
ɋ̀Ȍa SAњψћϴǑ̓ΐ
± ΚΔΘΔΛΐ ΐ уЭбЬэјоЯХбϴƼĘ±ϯ͛ȬǶĒњʠȔĵћϴǙáƂǠΐ
њ˩Ήơ&Ѣǜ̓ 0.3 ml/hr, ɠǓ̓ 10 ml/min. ˩Ήƍ͖ 16 hrs)ΐ
 
çãåãæà ŔŅňńśţŐņŀňğħĩ¼ĒĖĲšĿš|Ġ¨ÖĠq»à
ДіФіǜϴʠȔĵ̊ϕДіФіȒ!ϖϴ®ϮϏЈϜϯЌƵ˧ϡЈϧЀϲϊ3 ɚͽϴʠ
ȔĵϴȰϱЈДіФіǜϮ 6 ­ϴДіФі˩ΉЌˆϪϧњ± 3ΔΘΔΝћϋ7˩ǜϵɻǅДі
ФіǜњBTO-1ћϊ̒˼ʼȨϴĆ˽ДіФіǜњBTO-2ћϊƖЁʠȔĵϴ/ϐɲ³ДіФіǜњ͊
Ʃ SϊBTOρ3ћϴ 3 ɚͽϮϏЈϋϥЉϦЉϴʠȔĵϵ 300πϊ270πϯ 260πϮϏЈϋBTO-1 ϵ
̰˼ʼϴơ&њOverloadћϮ 500ƍ͖ȰĊϱϘxϐϧϋBTO-2ϵ̰˼ʼơ&Ϯ 150200ƍ͖
Ϯ 6 Ǔɩ 3 ǓɩϴДіФіȒ!ϖϯϊЧЗівёіМϴ²ɁϕȳȦϟϧϋϜЉϲíϟϭɲ³Д
іФіǜ BTO-3 ϵ̰˼ʼơ&ϴ 1 ­ȼϴ˩ΉϮϵЋϢϔ 7 ƍ͖ϮДіФіϕȒ!ϖϊ2 ­
ȼϴ̰˼ʼơ&ϴ˩ΉϮϵ 32 ƍ͖ϮȒ!ϖϕȳȦϟϧϋƻǽϴ˼ʼơ&њS.T.D. LoadћϮЁ
80ƍ͖ϮДіФіȒ!ϖϕȦϠϧϕϊȕžϕДіФіǜϲǰSϡЈ¨ͺњFuel Dilution in EOћ
Ќ˔ϫϚϧϴϮ 2­ȼϴ˩ΉЌˆϪϧϋϥϴʅƧ 250ƍ͖Ϯ 4ǓɩaϴЧЗівёіМϕ²Ɂ
± ΚΔΘΔΜΐ ΐ уЭбЬэјоЯХбϲЅЇǖЀϧДіФіǜ͊ƩϴʠȔĵњCritical 
TemperatureћϯДіФіȒϖ!ϖϴ͗:ΐ
 
ϟϭЖБђǭ̀њOil Consumption IncreaseћϕȰĊϲÇsϡЈʅƧϯϱϪϧϋДіФі˩
ΉϲЅЇуЭбЬэјоЯХбЌȨϐϧДіФіǜϴʠȔĵϴ˨8ƂǠϯϥϴʅƧϴƵ˧ϕϮϖ
ϧϋ 

çãåãçà ľŀņŗŁĲšĿŋĮŝšĸĭĈĖĲšĿšČĠŘĴŋŁŗĝFğęĈěĠ¦à
jˉ 3ΔΘΔΘ ϴЅϑϲĆÀϮДіФіȒ!ϖЌȦϠϧДіФіϴ 40љϲЧЗівёіМ²Ɂ
ϕȦϠϭϓЇϊДіФі˩ΉϮЁЧЗівёіМϴ²Ɂϕ˔ІЉϧϋ̧Ċϵ 1 ǍȼϴмХб
іёіМњ$бЭпёіМћϴŮʡϕÌϐϴϕƎ̧ϮϏЈϕ[77]ϊмХбіёіМŮʡњRing Wearћ
ϴ engine 1074 ϯ 1016ϵЧЗівёіМϴƂϕŮʡϵÌϐϋ± ΚΔΘΔΞ ϵħƢДіФіϲȨϐϧ
мХбіёіМϴɚͽϯ̰˼ʼ̮̐ƍϴǶĒЌɏϡƼĘ±ϮϏЈϋбЭпёіМϵёіМǾϲ
SЇ̙ϿѐЭЗјϯХјЮЌŞ͜ϡЈ4ȨњDischarge Lacquer and sootћЌŘϫЙјХбіğ
њKeystone Top Ringћ[11][78]ϮϏЇϊ285 πϴơ&ϮЁ²ɁϽϧϵȒ!ϖϵȦϠϱϐϋЧЗів
ёіМϵ 228 πϯ/ϐϕϊѐЭЗјϕ!ɁњDeposit Lacquer with SootћϟЂϡϐѓЛЪЏіКэ
ѐğњRectangular Ringћ[11]ϮϏЈϋϜϴϧЀДіФіȒ!ϖϴ®ϵѐЭЗјϲЅЈЧЗівё
іМ²ɁϮϏЈϯţáϟϭϐЈϕϊϜϜϮУХЯшЦДіФдЏёіМЌȨϐϭ[ʞЌˆϑϋ 
ЧЗівёіМЌ²ɁϝϣЈѐЭЗјϴȦŁϯϥϴ!ɁϴщЗдЦшϲϫϐϭϊУХЯшъа
ђЌȨϐϭƵ˟ϡЈϋмХбіϯУёіЫѐБгј ЇϮϴДіФіǜϴ SysMLϴțĽ̸ɖЌ±
ΚΔΘΔΟϲɏϡϋаАјШђДіФіϮϵȕȒИХњCombustion GasϊǶĒ 500!$ћϲЅЇϊ 
± ΚΔΘΔΝΐ ΐɚͽϴДіФіǜϲϫϐϭϴДіФі˩ΉϴʅƧΐ ΐ
 
ΐ ΐ  
± ΚΔΘΔΞΐ ΐħƢДіФіϮϴмХбіёіМϴɚͽϯ̰˼ʼ̮̐ƍϴмХбіёіМǾǶĒΐ
± ΚΔΘΔΟΐ ΐ ДіФіϴмХбіϯУёіЫ ̘ϮϴДіФіǜϴțĽ̸ɖЌˉϡțĽƿƱ±ΐ
 
ДіФіǜϵёУёіЫѐБгˉͯϮsȔϝЉϊȕȒИХϲϽЉЈ̀ɿњO2ћϊ̀zȎɿ
њCOћϊ̀zɋΎњSO2ћ̀zɋΎњSO3ћϏЈϐϵɡɿ̀zȗњNOѪћϲЅЇ̀zϝЉϭѐЭ
ЗјϕȦŁϡЈtzțĽњdeterioratedћϯϱЈϋϜϜϮϊДіФіǜϴǲǩĵϕ4ȨϟϭϐЈț
ĽϮϵѐЭЗјϵДіФіǜϲǿ˛ϟϧțĽњdissolved stateћϯϱЇϊѐЭЗјϵaźϝЉ
њdispersed lacquerћϊϥЉ$ϴΊaÙϲϱЈϜϯЁ͙ϕЉϭњterminate polymerization of 
lacquerћϊǅĊϱțĽњnormal stateћϯ˔ϱϝЉЈϋДіФіǜϴʠȔĵЌ̉ϒЈǶĒϲϱϪϭϊ
ǲǩĵϕÑЋЉϧÀњWhen (detergency loosed with increased oil temperature)ћϮϵѐЭЗј
ϵмХбіϯмХбіёіМǾϱϰϲ!ɁϡЈǚǎțĽњprecipitated stateћϯϱЈϋϜϴțĽϮϊѐ
ЭЗјϵмХбіёіМǾϲ!ɁϟϭёіМ²ɁЌ̇ϜϡϜϯϲϱЈϋмХбіϱϰϲ!ɁϟϧѐЭ
Зјϵ[ϷДіФіǜϲǿ˛ϡЈϜϯϵϱϐϕϊДіФіǜϲǋϪϧѐЭЗјϵǜǶϕϕ
Јϯ[ϷДіФіǜϲǿ˛ϡЈњWhen (detergency recovered with lowered oil temperature)ћϋу
ЭбЬэјоЯХбϵƺόϱ̀zĵИХϲíϡЈДіФіǜϴ̀zßáĵЌ˨8ϡЈ˥Ϯϵϱ
ϘϊДіФіǜϴѐЭЗјЌǿ˛ϡЈǲǩĵϨϚЌ˨8ϟϭϐЈϜϯϕϊϜϴțĽƿƱ±ϔІƊ
ɍϲϱЈϋ̀zȎɿϊ̀zɋΎϏЈϐϵɡɿ̀zȗЌ5ȨϣϢϲϊɠǓϨϚϮДіФі
ǜЌ̀zϝϣЈуЭбЬэјоЯХбϕϊâ͡ϴёіМ²ɁϯϜЉϲЅЇęϖ̇ϜϝЉЈДіФі
Ȓ!ϖϯʮϡЈʅƧϕĨІЉЈƭŖϮЁϏЈϋϡϱЋϩϊДіФіǜϴȒ!ϖЌ͙ϙĵʥϵϊ
̀zϲЅЈѐЭЗјȦŁЌōgϡЈ¤̃њ̀zßáĵћЅЇЁϊѐЭЗјЌǿϔϡ¤̃њǲǩĵћ
ϕ́˓ϮϏЈϋ 
± ΚΔΘΔΠ ϵϊʠȔĵϴΊϐДіФіǜЌ5ȨϟϧÀϴϊȕȒϯµʖˆɘϮϴмХбіёі
МϴŚЈʯϐϴЏЛЯАлЯА±ϮϏЈϋДіФіϕȕȒϟϭмХбі(piston: Power Generation 
± ΚΔΘΔΠΐ ΐʠȔĵϴΊϐДіФіǜϮϴмХбіёіМϴŚЈʯϐЌˉϡЏЛЯАлЯА±ΐ
њ˼ʼϕΊϐмХбіϴХѐХбDϮϴȕȒƍϯµʖƍϴțĽЌɏϡћΐ
 	
Parts)ϲ˼ʼϕŠϔЈњLoad by CombustionћϯϊмХбіёіМњring: Gas Seal and Lubricating 
PartsћϲϵȕȒϲЅЈИХµϴʼ́ϕŠϔЈϋϜϴʼ́ϵДіФіǜϴǜʩϲЅЇŴϒІЉϊȕ
ȒϴИХϵéïϝЉЈњSupport Piston and Seal Gasћϋʼ́ϵУёіЫѐБг(cylinder liner: 
Movement Guide Parts)ϮϚǄЀІЉњSupport Load and Cool Piston RingћϊȕȒϴȔњheatћ
ϴ̻ϵǜʩЌϟϭУёіЫѐБгϲЅЇ]ϝЉЈϋȕȒϲЅЇмХбіϵƂϲɖxϟ
њMove Downward by CombustionћϊУёіЫѐБгˉͯϴДіФіǜϵťϖʾϯϝЉЈњScarpe 
OilћϋϜϴϧЀǜʩϵЖБђйіњoil panћϲǨЉϭ˃ϘϱЈњBecome Oil-film Thinnerћϋǂϲϊ
eϴǓɩϴqϲЅЇмХбіϵµʖˆɘњLoad for CompressionћϲSЇϊДіФіǜϵťϖŧϛ
ІЉϭњScoop UP OilћǜʩϵϘϱЈњBecome Oil-film ThickerћϋϜЉϲЅЇǜʩϵϝЌ;Ř
ϝЉϭУёіЫѐБгοЌȆȀϡЈњMaintain Oil-film Thickness and Lubricate Cylinder Linerћϋ 
± ΚΔΘΔΘΗ ϵʠȔĵϴ/ϐДіФіǜϕ5ȨϝЉϧÀϴЏЛЯАлЯА±ϮϏЈϋǜʩ
ϲ̀zϲЅЈѐЭЗјϴǚǎȗϕȦŁϡЈњProduce LacquerћϕϊΊǶϮϵѐЭЗјЌǿ˛ϡЈ
ǲǩĵϕȐϘϱЈϧЀϲмХбіёіМϴǾϲSЇ̙ЍϮњEnter Lacquerћǚǎϟ!ɁϡЈϋЙј
± ΚΔΘΔΘΗΐ ΐʠȔĵϴ/ϐДіФіǜϮϴмХбіёіМϴŚЈʯϐЌˉϡЏЛЯАлЯА±ΐ
 

ХбіёіМğϴмХбіёіМϮϏЉ϶ѐЭЗјϵnϗІЉϭǜʩϲŞ`ϝЉЈϋѓЛЪЏ
іКэѐğмХбіёіМϵѐЭЗјϕƍ͖ϯϯЁϲǚǎϟϭ¾ɝњlacquer depositionћϟϊмХбі
ёіМϯёіМǾϴ͖ϮƍȶϱŢɁњStick Ring Temporarilyћϕ̇ϜЇϊµʖˆɘϮϴмХбі
ёіМϲЅЈДіФіǜϴťϖϛ̓ϕǴϪϭǜʩϴϝϕƍȶϲ˃ϘϱЈњReduce Oil-film 
Thickness and Lubricates Cylinder LinerћϯVϲϊИХϴУјђЁßáϲϱЈϋϜЉϲЅЇЖБ
ђǭ̀ϕÇϒϧЇϊǜǶϯ]ǔǶĒϕÊxϡЈЅϑϲϱЈϋѐЭЗјϴ̓ϕáAЌ̈ϒЈ
њexceed upper volume limit of deposit lacquerћϯϊмХбіёіМϯмХбіϴ²ɁњAdhere Ring 
to Pistonћϕ̇ϜЇϊǜʩϕğŁϝЉϱϐњLose Oil-filmћЅϑϲϱϪϭȒ!ϖϲʭЈϋ 

çãåãèà ĲšĿšĠČğFĔĪb®à
ʠȔĵϴ/ϐДіФіǜϕȨϐІЉϭЁȒ!ϖЌ̇ϜϡϱϐЅϑϲϊŵʴДіФіϮϵЙј
ХбіğмХбіёіМϕšȨϝЉϧϋÕĞĵɍ˭ϴϧЀϲϊʿʟϵɲ³ДіФіǜBTO-3Ќ
ЇèϣϭϊϜϴŵʴДіФіЌ̰˼ʼơ&Ϯϴ 250 ƍ͖ϴДіФі˩ΉЌˆϱϪϧϋϜϴ
˩ΉϮŵʴДіФіϕȒ!ϖЌ̇ϜϝϢϲ̮̐ϮϖЈϜϯЌɍ˭ϟϧњ± ΚΔΘΔΘΘћϋϜЉϲíϟ
ϭϊħƢДіФіϮϵДіФіȒ!ϖjϲЁǜǶϏЈϐϵ]ǔǶĒϕÊxϡЈϜϯϊЖБђ
ǭ̀ϕÇϒϭϐЈϋϜϴȤȪϵj̟ϴЏЛЯАлЯА±ϴˡ̟ϴЅϑϲϊмХбіёіМϯёіМǾ
ϴƍȶϱŢɁϕ̇ϜЈϜϯϮϊǜʩϝϕÊxϟϭмХбіёіМϔІУёіЫѐБгϹϴȔϴ
+óϕßáϲϱЈϧЀϯ˰ƊϮϖЈϋǜʩϝϴÊxϵϊЖБђǭ̀ϴÇsϲЁ͗:ϕϏЈϋ 
ŵʴДіФіϲ̔ϣƕϒϧођвјТϵϊɲ³ÖЀ	ȬϴĆÀϮДіФіȒ!ϖЌ̇Ϝϡ
ϜϯϱϘ5ȨϝЉϭϐЈϋ̜čϴƁϟϐДіФі͕ȳϲϓϐϭЁϊŵʴДіФіϯϠмХбіё
іМϴˣ˞ϯϊʿʟϕ˕Ʈzϟϧ/¤̃ДіФіǜЌȨϐϧДіФі˩ΉƂǠϕšȨϝЉϭ
ϐЈϋɻǅ̻¤ϯϟϭϴДіФіǜњ$ɻǅДіФіǜћϵϊуЭбЬэјоЯХбϮ ΚΗΗπ$
ϴʠȔĵϮϏϪϧϴϮϊϜЉЌɻǅДіФіǜϴ˕ƮϯϟϧϋϧϨϟϊ̜čϵǲǩmϕДі
ФіŞ`ИХϴĦ_ȤˍʛϲĸĠͲЌϒЈϧЀϲǲǩmϴ̼̓ЌǴІϟϭϐЈϕϊɻǅ
ДіФіǜϴİ˓Ɩô͛ϴʠȔĵϵʌŘϟϭϐЈϋ 
 à
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̜čϊŞ`ИХ˕gϴ̫øϲ,Ϫϭ˜ØϯаАјШђйЯАЙэѓјбнАђЪњ$ DPFћ
ϲíϡЈДіФіǜϴĸĠͲЌ̺ϚЈϧЀϊǱsm̼ЌǴІϡxϕϏЈϧЀϲǲǩĵϕ
/ϡЈϜϯϕʫx̎щјЗϮЁ¨ͺϯϱϪϭϐЈ[11]ϋʿʟϵϊʫx̎Ăƶ*ϕɆǜ̪ȹϯ
VϮƆƝȝʫϴДіФіǜ˕ƮњJASOϊ$ JASO EO˕ƮћЌ4Јƿ*ЌfȨϟϭϊуЭбΐ
 
ЬэјоЯХбЌ˩Ή˕ƮϲʃϾSЉЈϜϯϲϟϧ[79][80]ϋϜЉϲQɢϩуЭбЬэјоЯХб
ϵɆǜÜ*˕ƮϲϟϭϐЈ[81]ϋˉ ΚΔΘΔΚ ϲϊϜϴ˕ƮϹϴfå͗:ʟ(Stakeholders)ϯ˕Ʈ
gáϴǧxњEstablishment of A New JASO Engine Oil (JASO EO) Standardћϊ˕ƮfȨ
њUtilization of JASO EO StandardћЌɏϡϋ³Zʫx̎щјЗњJapanese Car Mfr.ћϯɆǜщјЗ
± ΚΔΘΔΘΘΐ ΐɲ³ːДіФіǜ BTO-3ЌȨϐϧŵʴДіФіњ̰˼ʼơ&ћϯħƢДіФ
іњƻǽơ&ћϴДіФі˩ΉϴțĽÊzΐ
βΒΐŵʴДіФіϴ̰˼ʼơ&ϴ˩Ήà
γΒΐħƢДіФіϴƻǽơ&ϴ Ι­ϴ˩Ήà
 )
њJapanese Oil SuppliersћϯVϲϊʿʟњAuthorћϵĖˣƿƱщјЗњJapanese Construction 
Machinery Mfr.ћϴ#ˉϯϟϭsЋЇ˕Ʈϴ4ŁϲsЋϪϭϐЈϋʿʟϵуЭбЬэјоЯХб˩
ΉƂǠњHot Tube TestћϯϥϴајЪЌŦ7ϟϭϐЈњProvide Testsћϋ2001 čϴ˕Ʈȳˆ$͚
ϵ³ZÌϘϴĖˣƿƱщјЗϕƁДіФіǜ˕ƮЌšȨϟϭϐЈ[82]ϋǫËϹϴƎϲíϟϭ
ϵϊɲ³ SAEȕžїȆȀǜ̻*ϴЏФЏ×¥*њSAE Asia CommitteeћϮϴ JASO EO˕Ʈϴ
Ƶ˟њDiscussing ItemsћЌ̧ϟϭϊǫËϴюјТњUserћϯɆǜщјЗњGlobal & Asian Oil 
Suppliersћϲ ɃϡЈƿ*ϯϟϭϐЈϋJASO EO ˕Ʈϴ5ȨƂǠњUtilization of JASO EO 
StandardћϵϊюјТϹϴ˕Ʈȴ͏ДіФіǜϴţÓϊĂÀPÄϱІϷϲɻǅϴДіФіǜ
њRecommendation to User, For Factory-fill, For Genuine EOћϹϴ5ȨϮϏЈϋ 
 
çãåãêà ĥĝĦà
ƝɮϮϵϊДіФіǜϴʠȔĵЌƞϮ˩ΉϡЈƁϟϐƂǠϯϟϭ͕ȳϟϧуЭбЬэјо
ЯХбϲϫϐϭ̟ϺϧϋϜϴЯХбƂǠϲЅЇϊɲ³ϮϴДіФіȒ!ϖŹ͢ϕϊʠȔϴ/ϐɲ
³ːДіФіǜϕ®ϮϏЈϜϯЌ˔`ϡϜϯϕϮϖϧϋŵʴДіФіϹϴíɪϯϟϭϊЧЗі
вёіМЌЙјХбіğϲÊƓϟϊёіМ²ɁϲЅЇȳȦϡЈДіФіȒ!ϖЌ͙ǄϟϧϋƁˣ˞
ДіФіϴ̮ȨХЯјФϮϴȒ!ϖЌ͙ϙϧЀϊʠȔĵϴƖЁ/ϐДіФіǜЌƻǽϯϟϭȨ
ϐЈДіФі˩ΉϕšȨϝЉЈϜϯϲϱϪϧϋΐ
УХЯшЦДіФдЏёіМϴЏпєјЬϲЅЇϊΆxУХЯшT1ϴŚЈʯϐЌȤ˛ϟϧ
ϮƊІϔϲϟϧʹȼϵǂϴϯϓЇϮϏЈϋΐ
ўћ! ДіФіǜϴѐЭЗјȦŁϯǿ˛ϲϫϐϭϴțĽ̸ɖЌϊSysML ϴțĽƿƱ±Ϯˡ̟ϡ
ˉ ΚΔΘΔΚΐJASOДіФіǜ˕Ʈ4Їϴfå͗:ʟϊgáǧxϱІϷϲfȨƂǠΐ
Discussing
Items
1 - Hot Tube
Test
- For Genuine EO
2 Engine
Tests
- - Recommendation to User, For
Factory-fill, For Genuine EO
3 - - Oil Tests Manufacturing JASO EO
4 - - - Recommendation to User, For
Factory-fill, For Genuine EO
5 USA Car Mfr. - - - -
6 Global &
Asian Oil
Suppliers
- - - Manufacturing JASO EO
7 User - - - - Use JASO EO
Utilization of JASO EO
Standard
Japanese Construction
Machinery Mfr.
SAE Asia
Committee
Requirements
All
Providing Tests
Establishment of A New JASO Engine Oil (JASO
EO) Standard
No. Stakeholders
Author
Japanese Car Mfr.
Japanese Oil Suppliers
 
ЈϜϯϲЅЇϊǂϴДіФіǜϴțĽϕƊІϔϲϱϪϧϋДіФіZϮϴДіФіǜϵϊǲ
ǩϱțĽῒzϲЅЇѐЭЗјϕȦŁϡЈtzțĽϊǲǩmϲЅЇѐЭЗјϕǿϚЈǿ˛ț
ĽϯѐЭЗјϕ!ɁϡЈǚǎțĽϴ 4 ϫϲaͽϮϖϧϋДіФіȒ!ϖϵǚǎțĽϮȦϠ
ЈϴϮϊϜϴțĽϲʭЈДіФіǜϴǶĒњʠȔĵћϕȒ!ϖȳȦϴƗȐЌǙЀЈϋуЭб
ЬэјоЯХбϵϜϴʠȔĵЌ˨8ϟϭϐЈϋ 
џћ! уЭбЬэјоЯХбϵɠǓϨϚϮ̀zϟϭϓЇϊДіФіϴˑͥϱ̀zЌУчэѓјбϟϭ
ϐϱϐϯϴð͓æϴ˸˵ЁϏЈϋϟϔϟϊǚǎțĽϲϱЈʠȔĵϴϾЌ˨8ϟϭϐЈϧЀ
ϲϊДіФіȒ!ϖϯϴ͗:ϕĨІЉЈϜϯϕЋϔϪϧϋΐ
Ѡћ! мХбіёііМϴŚЈʯϐЌ SysML ϴЏЛЯАлЯА±ЌȨϐϭˡ̟ϡЈϜϯϲЅЇϊʠȔ
ĵϴ/ϐДіФіǜϮϴмХбіёіМϴѐЭЗјϲЅЈ²ɁϲʭЈщЗдЦшЌţáϮϖϧϋ
ĦϵϊЏЛЯАлЯА±ϲЅЈмХбіёіМϴŚЈʯϐϫϐϭϊâΉϮƵ˧ϡϺϖϮϏЈϋΐ ΐ
 
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ŒŅŉĵŀĹŅňĠ'yľţŞĠcØ¶kĝFà
ĖˣƿƱȨϴƁϟϐΊ`qаАјШђДіФіњ$ДіФіћϵаАјШђȳͩƿϽϧϵ
ʳʲȨДіФіϯϟϭQˆȶϲĆÀóSϝЉϧϕϊ]ǔȂЉϴŹ͢Ќ̇Ϝϟϭϐϧϋ]ǔ
ϵрЭвИХНЭбϴ]ǔУјђњ$ǔУјђћϔІȂЉϭϐЈϕϊϥϴ®ϵÌüϲЋ
ϧЇˑͥϮϏЇϊȂЉщЗдЦшЌƊɍϲ˛ƊϡЈϜϯϕϮϖϱϔϪϧϋ± ΚΔΙΔΘ ϲрЭвИХН
ЭбϴǔУјђϴƹ̩ϯϊ]ǔȂЉЌ̇ϜϟϧǔУјђϴˌϴțĽϴ6Ќɏϡϋΐ
ǔУјђϽϧϵРшϴˌϲϫϐϭϴQˆɈɟ6ϵϱϐϋРшƟžϴQˆɈɟϵϊѐФД
јЪујХϯУёіЫѐБгȨ Ϋ ёіМУјђϕí˺ϮϏЈϋKeller[83]ϵʠǜĵϴϱϐ EPDM
ϲ#ЋЈʠǔĵнЭɿРшњ$ FKMћϏЈϐϵǔɿz NBRњHNBRћЌ͕ȳϟϭϐЈϋƂϮ
Hertz[84]ϵ^ǮϲЅЇǔɿz NBR ϵ FKM ЅЇʠȔĵϕtЈϜϯЌ˔`ϟϭϓЇϊϠǔɿ
z NBR ϮϏϪϭЁϥϴ̼ϯː̩Ǡϴ̳ϐϲЅϪϭʠȔĵϕȰϱЈϜϯЌɏϟϭϐЈϋ
[85]ϵPÄmϴУёЗϴɚͽϕУёПјіРшϴʠȔĵϲĠͲϡЈϜϯЌ¿ϟϭϐЈϋϜЉ
ІϴQˆɈɟЌʞϲϟϭƝ˵ŽϮЁУёПјіРшϴУёЗϴĠͲЌƵ˟ϟϊǔɿz NBR ϲ
ϫϐϭЁʠȔĵϴƵ˟ЌϟϧϋʿʟІϵϜϴǔУјђϴ®˛ƥϯíɪЌˆϱϐϊSAEϲϭ˵
ŽȳˉϟϭÜˇˬ[56]ϲŤ̔ϝЉϭϐЈϋ 
ƝɮϮϵϊϜϴˑͥϱǔУјђϴȂЉŹ͢ϴ®ϴ˛ƊϯíɪϲϫϐϭϊƁϧϲУХЯш
ЦДіФдЏёіМϴЏпєјЬЌ˩ϾЈϋрЭвИХНЭбȨǔУјђϴЏјЙЯЛЬыЌŹ͢
ϴлэјњArchitecture ViewћϯϟϭϊDecomposition Analysis and Resolutionњ$ DARћ
± ΚΔΙΔΘΐ ΐрЭвИХНЭбϴǔУјђϴ.ʛϯ]ǔȂЉЌ̇ϜϟϧǔУјђϴ6
 ДіФіїрЭвИХНЭбϴƹ̩ϯΐ
ǔУјђϴ.ʛΐ
 ĆÀϮȂЉЌȳȦϟϧǔ
Ујђϴˌΐ
ϯǔУјђΐ
 
Process[5]Ќˡ̟ϡЈϋϜϴǔУјђϵɻϱɄğƀͯϴРшёіМϮϏЇϱϕІϊˑͥϲʇЍ
Ϩ Μ ϫϴ®ϲЅЇ]ǔȂЉЌȦϠϭϐЈϋDARЌȨϐϭȂЉŹ͢ϴщЗдЦшЌ˛Ɗϟϭ
íɪЌƵ˟ϟϧϜϯЌ̟ϺЈϋϜЉІϴíɪϲЅЇϜϴрЭвИХНЭбƂĘϴДіФіϴ̮ȨХ
ЯјФϴî¢ЌÍϖϘĕ͒ϮϖϧϜϯЁ̟ϺЈϋϜϴ˵ŽϴZçϵ³͡*˸ϮЁȳˉ[58]ϟϭϐ
Јϋΐ

çãæãåà7iĞ³zĝËŤOpsConť*ġ DAR ğħĪyľţŞĠī(3Ġ¶kĝÀmeà
ǔУјђϴ]ǔȂЉϲíϟϭϊ®ЌƊɍϲŌũϡЈϜϯϯϊʛŨϒʥϱŵʴУјђ
ЌƈĴϲ͕ȳϡЈϜϯϕ˓ǖϝЉϭϐϧϋȣÀϮϴ=ȤЌʞϒЈϯУёіЫрЭвϴˣ˞ÊƓϱ
ϰϴДіФіƝ1ϴŵʴϵϮϖϱϐțǟϮϏЈϋϜϴǔУјђϴ̮ȨњOperation of Conceptϊ
$ OpsCon)[5][6]ϵϊΑΘΒƷê·ϔІȔĉϮϴʷ̿ϱ4ƶϲʠϒЈϧЀϲ-50+110πϽϮ5
ȨʥϮϏЈϜϯϊњΙћǔУјђϕДіФіȕȒäϯрЭвИХНЭбZϴЖБђȨϴУјђϲ
ͣŢϟϭϐЈϧЀʠǜĵϕİ˓ϮϏЈϜϯϊΑΚΒДіФіЖјиујђ̚ϴ 10,000 ƍ͖$ϴ
î¢ЌŘϩ̦ϴa˛=ȤϵϟϱϐϜϯϮϏЈϋΐ
]ǔϴȂЉњLeakageћŹ͢ϲϫϐϭϊħƢϴ Fault Tree Analysis њ$ FTAћŅǠ[86]Ќ
Ȩϐϭϥϴ˺Ќ± ΚΔΙΔΙ ϲɏϡϋ¹ϱУјђŢ˜њUnequal Seal ContactћϽϧϵȱv
ˌњ Fatigue Crack ћϴϐϢЉϔϕȦϠЈϯϊрЭвИХНЭбϮϴȆȀϴϱϐțĽ
њUnlubricated ConditionћϯΊ`qzϲЅЈÍϖϱÊ.њLarge DisplacementћϲЅЇ]ǔȂЉ
ϕȦϠЈϜϯϕЋϔЈϋϥϴ ϴ˺ϲЅЈȂЉϴщЗдЦшЁȤ˛ϵϮϖЈϕϊ˺ϴZçϯ
.ʛ!ϚϕЋϔЇͧϐǁȏϕϏЈϋ6ϒ϶ː̩ĂɘϴʴњPoor Quality Controlћϊ]ǔϴ
tzϯРшŁaϯϴ͗:ϕͣЇϑϜϯϱϰϮϏЇϊʏȶϱщЗдЦшϴȤ˛ϵͧϟϐϋ 
]ǔϴȂЉњå HarmћϲíϡЈ́˓ϱ¨ͺȏњCritical Issues on Harmϊ$¨ͺȏћϯ
ϟϭϊ͝ПіЯЙХбњHazardous ContextћϯíıɪњResolutionћЌ DAR ϯϟϭ± ΚΔΙΔΚ ϲˉ
ϡϋϜϴ DAR ϵюјТ˓ǖϴáʝϴϧЀϴЛёЯАЗђБУэјŅǠ[5]ЌıȨϟϭϐЈϋϜЉ
ϲЅЈ]ǔȂЉϯУјђϴˌϯϐϑюјТϮ5ȨϴДіФіϲȦϠϧ́˓ϱ¨ͺȏЌ
ǂϴ Μ͞úњSectionћϲaϚϭƵ˟ϟϧϋУХЯшϴбЭпϮϵ2ŹΊ`qДіФіϨϚϲȂЉ
ϕȦϠЈϔϯϐϑ¨ͺњSection 1, System-Engine: Only Cause in High-output engineћϊЏЭЧі
оёѓсђ 2њAssembly - Head GasketћϮϵ2ŹǔУјђϨϚϲȂЉϕȦϠЈϔϯϐϑ¨ͺ
њSection 2: Only Caused In Coolant SealћϊЏЭЧіоёѓсђ 3Ϯϵ]ǔϴtzϲЅЇȦϠЈ
ǔУјђϴˌ¨ͺњSection 3: Seal Crack Caused by Coolant Deteriorationћϊ̻¤ѓсђ 4
њParts - Coolant SealћϮϵǔУјђϴː̩Ăɘϴʴϴ¨ͺњSection 4: Inadequate Seal 
Production ProcessћϊƟžѓсђ 5њMaterial CompositionћϮϵǔУјђȨРшϴ̶bϱP
Ämϯϐϑ¨ͺњSection 5: Unsuitable Rubber FillerћϮϏЈϋ 
 
  
± ΚΔΙΔΙΐ ΐрЭвИХНЭбȨǔУјђϴȂЉϴ FTA 
± ΚΔΙΔΚΐ ΐрЭвИХНЭбȨǔУјђϴȂЉϴЛёЯАЗђБУэјϲЅЇżȤϟϧ DAR
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DAR ϲɏϟϧ¨ͺȏЌ˛ƥϟϭǔУјђϴȂЉщЗдЦшЌƊІϔϲϡЈϧЀϲϊǂϴЅϑ
ϱƂǠЌȨϐϭ˳ƫЌˆϱϪϧϋΐ
•! ДіФі˩ΉϲЅЈрЭвИХНЭбϴÊğƂϯ̓ϱІϷϲǶĒaćϴǸáϋ 
•! ǔУјђϴƿƱȶϱŚЈʯϐϯУјђȨРшƟžϴĜĒǸáϋĆÀϮˌЌ̇Ϝϟ
ϭȂЉЌȦϠϧǔУјђϴˌ̻ϴͼĬ͑˙ëϋĆÀϮtzϟϧ]ǔϯϜЉϲЅ
ЇˌЌȦϠϧǔУјђϴРшϴzÜaƥϯͩÙͼĬ͑ϲЅЈ˙ëϋϥϟϭzÜϯȦ
zÜϔІϴtzϲϫϐϭϴʞëϋ 
•! ǔУјђː̩щјЗϴ¤̃ɭȤϴĂɘȺƫϋ 
•! РшʃŁϴzÜaƥϊƿ«aƥϱІϷϲͩÙͼĬ͑˙ëϋ 
 
çãæãæà'yīĠ(3Ġ¶kà
$± ΚΔΙΔΙ ϴ DARϴ¨ͺȏϴ͵ȯϲ½Ϭϐϭ˛ƥЌˆϑϋΐ
áåâàß"ĲšĿšėďğīċēĪ2ÛњSection 1ћ 
ДіФі`qÇsϲЅЇрЭвИХНЭб ЇϲÍϖϱÊğϕȦϠϭϐЈϯţáϝЉϧϧЀϊΊ
`qДіФіЌ̮̐ϟϭУёіЫрЭвϊрЭвИХНЭбϊУёіЫоєЭЛ ̘ϴÊ.ϯǶĒЌ
ǸáϟϧϋϜϴʅƧрЭвИХНЭбϴÊ.ϵħƢДіФіϲǑϺϭÍϖϐϜϯϕƊІϔϲϱϪ
ϧϋрЭвИХНЭбϴǔУјђ ̘ϴƖΊǶĒϵħƢДіФіϯϠ ΘΙΗΐπϮϏϪϧϴϮϊ
ǔУјђǶĒϵȂЉϲ͗:ϵϱϐϯdƀϝЉЈϋϥϜϮϊУёіЫрЭвϊУёіЫоєЭЛ͖Ϯ
ϴǔУјђϴŢ˜țĽЌУчэѓјбϟϧ˙ëЌˆϪϧϋ± ΚΔΙΔΛ ϵâ͡ϴУёіЫоєЭЛ
± ΚΔΙΔΛΐ ΐħƢРш P ϯŵʴРш SϴǔУјђϴŢ˜țĽϴȼ˖˙ë 
 
ϲрЭвИХНЭбЌʛϐϭǔУјђЌʃϾ̙ϾϊϔІУёіЫрЭвϲȾĞϡЈ̤ƊϱЏЛё
ђƾʦоєЭЛЌœϟ!ϚϭǔУјђϴŢ˜țĽЌ˙ëϟϧ\ɀϮϏЈϋŅjϴ̅ʵϴħƢ
ǔУјђϴРш PњRubber PћϵУјђϕÍϖϘϑϳЈЅϑϱÊğЌȦϠϭϊˉͯϲȵϐɠǓϴǡ
ϕȦϠЈϋϜЉϲíϟϭĦDϴǔʵϴŵʴРш SϴǔУјђњRubber Sћϵ¹ϲŢ˜ϟϭTϘ
Ǔǡϵ˔ІЉϱϐϋŵʴРш S ϵʿʟІϕРш̻¤щјЗϯƵ˟ϟϭ̹áϟϧ@ˏ¤ϮϏЈϋ
â͡ϴДіФіϮϜϴЅϑϱɠǓϴǡϕϮϖЈϯϊДіФі̮̐ϲЅЈУёіЫоєЭЛϴŚxϲ
ЅЇɠǓϴǡϵǔУјђŢ˜ͯЌɖxϡЈϜϯϕʞϒІЉЈϋ]ǔϕϜϴɠǓϴǡϲSЉ϶
ȂЉЈϜϯϕţáϝЉЈϋΐ
ϥϜϮϊϾϴȰϱЈрЭвИХНЭбЌŻɚͽȨĻϟϭϊǔУјђϕ¹ϱŢ˜țĽϯϱ
ЈµʖȡњCompression Limit of Uniform ContactћϲϫϐϭļµɼЌȨϐϭ˳Ϻϧϋ¹ϱ
Ţ˜ϵǓǡϕϮϖЈțĽϮϏЈϯ%áϟϭϐЈϋǔУјђϴµʖȡϵǔУјђϝЌ7˩рЭ
вИХНЭбϝϮ͜ϟϧAϮϏЈϋϜϴʅƧЌ± ΚΔΙΔΜ ϲɏϡϋǔУјђȨРшƟžϲϫϐϭ
Ǒ̓¤ЌЀϭΚɚͽϴµʖȡЌǸáϟϧϋħƢϴРшPњRubber-PћϵƖЁ/ϐµʖȡњΙΟљћ
Ϯ¹ϱŢ˜Ќ̇ϜϟϭǇϾЌȦϠЈϋĆ˽Ршњ$ COTSћϴУёПјіРш AњRubber Aћ
Ёƺϲ/ϐµʖȡϮǇϾЌȦϠЈϋрЭвИХНЭбϲϓϚЈǔУјђϴµʖȡϵ 2035љ
ϲˣáϟϭϐЈϴϮϊħƢРш P ϯ COTS Рш A ϵрЭвИХНЭбZϮ¹ϱŢ˜țĽЌ
ȦϠЈϋϱϓϊϜϴµʖȡϵУјђϴƻǽȶϱAϮϏЈϋŵʴРш S ϵрЭвИХНЭбZϮϵ
¹ϱŢ˜țĽЌ;ϭЈϜϯϕЋϔϪϧϋрЭвИХНЭб ЇϴÍϖϱÊ.њLarge  
Displacement around Head-gasketћϲЅЈåȳȦϹϴíıɪњResolutionћϵϋУјђϴŢ˜
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± ΚΔΙΔΜΐ ΐ¹ϱŢ˜țĽЌ;ϭЈµʖȡϴ͛ϯрЭвИХНЭбϴµʖȡΐ ΐ
 	
Ќ¹zϝϣЈњImproved Uniformity of Seal ContactћϜϯϮϏЈϋ 
áæâàyľţŞėďğīċēĪ2ÛŤSection 2ťà
ʿʟІϴǸáϮϵϊ80πϲϓϚЈĆ˽ϴ^ǮЌǰϟϧ]ǔϴɶĒњ0.360.67 
mm2/sћϵДіФіǜɶĒњ10.015.0 mm2/sћϴ 34љɘĒϮϏЈϋϥϴϧЀȞϐ͖͠ϮЁ]
ǔϵçƋϲȂЉЈʥĵϕϏЈϋДіФіǜϵϜЉϲíϟϭΊɶĒϮϏЈϧЀϲȞϐ͖͠
Ќ̧̰ϮϖϢȂЉϕȦϠϲϘϐϋϽϧДіФіǜϵУјђˉͯЌȆȀϟϊУёПјіРшZ̻ϲ
ЁǬ̤ϟϭȆȀϡЈ4ȨϕϏЈϋϜϴϧЀϊǔУјђϯϠħƢРш P ЌȨϐЈрЭвИХНЭб
ϴЖБђȨУјђϮϵTϘǜȂЉϴ¨ͺϵȳȦϟϭϓІϢϊȰĊϱˌЁȦϠϭϐϱϐϋ 
УјђˉͯϕȐȆȀϲϱЈϯΊϐµʖıqϕȳȦϡЈϧЀ[87]ϊУјђϲˌϕȦϠЈ
ʥĵϕʞϒІЉϧϋϥϜϮϊǔУјђϕµʖϲЅϪϭɊÈϡЈÀЌĺáϟϭϊ± ΚΔΙΔΝ ϴЅ
ϑϲħƢРш PϊŵʴРш S ϱІϷϲ COTS ϴУёПјіРш AD ϲϫϐϭϴµʖɊÈ˩Ή
ЌˆϪϧϋУёПјіРшϴPÄmϵĬʁϱȢɇɳƜњ$УёЗћϕ5ЋЉЈϴϕʱȶϮϏ
ЈϋʿʟϵУёЗϴ̼̓ϕУёПјіРшϴĜĒϯ͗:ϕϏЈϯ%áϟϭϊµʖɊÈ˩Ή
њCompression Ratio To FractureћϴʅƧЌУёЗ̼̓њSilica Filler ContentћϮżȤϟϧϋƊІ
ϔϲУёЗϴ̼̓ϵµʖɊÈϕ̇ϜЈµʖȡϯ͗:ϕϏЈϜϯϕЋϔЈϋħƢРш P ϵ/ϐ
µʖȡϮɊÈϡЈϕϊрЭвИХНЭбϴµʖȡϲǑϺЈϯРш P ϴɊÈϡЈµʖȡϵϥЉЅЇ
ΊϐϋŵʴРш S ϯ COTSϴУёПјіРш A ϵΊϐµʖȡϽϮɊÈϟϱϐϋʿʟІϵĆÀϮ
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± ΚΔΙΔΝΐ ΐ УёПјіРшϴУёЗPÄmϴ̼̓ϯµʖɊÈϡЈϽϮϴµʖȡϴ͗:
 

ŪFϟϧǔУјђˉͯЌ̆ƫºͩÙͼĬ͑ϲЅЇ˙ëϟϭϊǔУјђϴˌϴ̻ϵȱvɊ
ÈϮϏЈϜϯЌ˔ϫϚϭϐЈϋϜϴϧЀϊĦ̟ϡЈЅϑϲȰĊˌȳȦЌƵ˧ϡЈϧЀУјђϴ
ȱv˩ΉЁˆϪϭϐЈϋȐȆȀϮϴΊϐУјђµʖıqњHigh seal compression stress without 
lubricityћϴ͝ϹϴíıɪϵϊРшSϏЈϐϵРшAϴЅϑϱΊĜĒРшњHigh strength rubberћ
šȨϮϏЈϋ 
áçâà'yĠ#%ğħĩēĖyľţŞĠ±Ġ2ÛŤSection 3ťà
ͮĊȨДіФіȳͩƿњEmergency Generator EngineћϮϊħƢРш PϕЋϢϔ 18ƍ͖ϴ̮
̐ĦϲǔУјђϴˌϲЅЈ]ǔȂЉЌ̇ϜϟϧϋͮĊȨϴȳͩƿϵ͒ƍ͖̮̐Ќ)Ǆϟ
ϭϐЈϴϕ̧ĊϮϏЈϧЀϊˌЌȦϠϧϴϵ 2 čȼϮϏЈϋͮĊȨДФіȳͩƿϔІ­ϝ
ЉϧǔУјђϴțĽϯϊ5ȨϝЉϭϐϧ]ǔϴaƥʅƧЌˉ ΚΔΙΔΘ ϲɏϡϋϽϧϊǑ̓ϴ
ϧЀɛHȡϴΊϔϪϧʲȨДіФіњMarine EngineћϴǔУјђϯ]ǔЁ­ϟϭaƥϟϧϋ
ǔУјђϴРш P ЌzÜaƥњȔÎɔϊЛєцбМѐнАϱϰћϟϧʅƧϊРш P ϴхёцϵƗƿ
̀ϲЅЇʿϟϘa˛ϟϭϐЈϜϯϕЋϔϪϧϋǔУјђˉͯϴȵʵǚǎȗњWhite Precipitationћ
ϔІϵ^ǮϴǱsmŁaϯϯЁϲƗƿ̀њУэВ̀ϊпємЖі̀ϱϰћϴĜ̀БЖіϕƵ`
ϝЉϧϋ5ȨϝЉϧ]ǔϲϵЗлʬЁϏЇϊͼĬ͑ϲЅЇĬȦȗЁ˙ëϮϖϧϋ5Ȩ]ǔϴ
aƥϔІϵƻǽȶϱ5Ȩơ&ϴʳʲȨДіФіϴ 6?ЁϴƗƿ̀ϴĜ̀БЖі̓њTotal Acid 
IonћϕƵ`ϝЉϭϓЇϊϜϴЅϑϱâϔІƗƿ̀БЖіϵ^ǮϴŁaϮϏЈДЬѓіМё
ˉ ΚΔΙΔΘΐ ΐ5Ȩ]ǔϴƗƿ̀њĜ̀ћБЖі̓ϴaƥϯǔУјђϴțĽ
 
ПјђϕĬȦȗϲЅЇtzϟϭȦϠϧϯţáϝЉϧϋĊƚІ[88]ϵДЬѓіМёПјђϴȉĒϕ
20љ$ϲϱЈϯиЛЯёЏϕʘǌϡЈϜϯЌƊІϔϲϟϭϐЈϋϜϴͮĊȨȳͩƿϴ^Ǯȉ
ĒϵщіЯгіХʴϴϧЀ 15љϲϱϪϭϓЇϊДіФі̮̐ƍ͖ЁɅϐϧЀǔǶϵϕІϱ
ϐϴϮĬȦȗϴȳȦϕ̇ϜЇЂϡϐϋƗƿ̀ǿǮϹϴРшϴǬȄ˩ΉЌˆϪϭħƢРш P ϵ
tzϟЂϡϐϕϊŵʴ@ˏРш S ϴРшϵʠ̀ĵϕϏЈϧЀtzϵõϱϐϜϯЌɍ˭ϟϭϐЈϋ
ϥϜϮϊĦ̟ϡЈЅϑϲƗƿ̀ϲǬϚϧǔУјђЌxȶϱУјђĵ˩ΉϟϭϜϴwƧЌƵ˧ϡ
ЈϜϯϲϟϧϋ]ǔϴĬȦȗϲЅЈtzϮȦϠϧƗƿ̀њOrganic acids from coolant 
Deterioration by microorganismћϲЅЈ͝Ϲϴíıɪϵʠ̀ĵРшњAcid-proof Rubberћϴš
ȨϮϏЈϋ 
áèâàyľţŞĠ²ÊJĠ®Ġ2ÛŤSection 4ťà
ǔУјђϴȰĊϱˌϴ®ϯϟϭː̩ʴϴʥĵЁřŭϝЉϧϧЀϊʿʟϵ¤̃ɭȤ
̻͓ŔĞʟϯϯЁϲϊǔУјђщјЗϴДіФіĂÀϴĂɘȺƫЌˆϪϧњ± ΚΔΙΔΞћϋȽŢĂ
ÀϲɺSϟϭϐЈщјЗњ˘щјЗϊSeal ManufactureћϵϊǔУјђϴː̩ЌÌϘϴ˴Ϛ
њSub-contractorћϲ`ϟϭϓЇ Θ3 ǂϴ˴ϚϽϮЁˢЉϭĂɘϴTçЌɃЈϜϯϲϱϪϧϋ
Ɩʂϴ×ˠQϴĂÀϮϵϊРшϴsȔɌz4ƶϴĂɘϮsȔǶĒϯƍ͖ϕϻϯЍϰɭȤϝЉ
ϭϐϱϐњNo Quality Control and No Record for Cure TemperatureћϜϯϕЋϔϪϧϋ˘щјЗϵ
˴ϚQϔІː¤ϴǔУјђЌϚЈϯϊː¤ϴǑ́ϊɌϝϊƟ̃ϱϰɱϱƵƫЌˆϱϪ
ϭƵƫɑњInspection DataћЌː¤ϲ́!ϟϭДіФіĂÀϲɺSϟϭϐϧњDelivery with 
Inspection Dataћϋ 
ĖˣƿƱщјЗϴ¤̃ɭȤ̻͓ϵ˘щјЗϲíϟϭƍϴ˴ϚƂǠϴŵ©ϯϊ¤̃ɭȤ
± ΚΔΙΔΞΐ ΐǔУјђϴː̩ϴâĽ
Seal Manufacturer/ Supplier Engine Factory
1st Sub-Contractor
2nd Sub-Contractor
3rd Sub-Contractor
No Quality Control 
and No Record for 
Cure Temperature
Order
Order
Order
Order
Sampling Inspection
 by Supplier
Seals
Delivery with Inspection Data
Dimensions,  
Specific Gravity
and Hardness
 )
ϴâƃЌ˓˴ϟϭϐЈϋУёПјіРшϴɌzǶĒϯƍ͖ϕ̶bϮϏЈϯĜĒ̊ϕ̇ϜЈ
ʥĵϕΊϐϋϜϴϧЀДіФіĂÀZϲ¶ēϟϭϏϪϧǔУјђϴƵƫϯaƥϕˆЋЉϧ
ϕϊϜϴЅϑϱȅ¶ȶϱ͝ĵϲЁ͗ЋІϢƵƫїaƥϟϧTϭϴǔУјђ¤̃ϲϵȰĊϵ˭
ЀІЉϱϔϪϧϋĺϝЉЈ͝ĵϵРшϴȱvĜĒϴ/ϲЅЈˌϮϏЈϕϊ˳ƫϟϧɯ
°ϮϵϜϴ¤̃ɭȤϴ͝ĵϵ­ϴȰĊϱˌϴ®ϲϵϱϪϭϐϱϐϯdƀϝЉϧϋ
ƛɭȤϴУјђː̩њUncontrolled seal productionћϲЅЈ͝ϹϴíıɪϯϟϭϵȦȧĂɘ
ϴÊƓњChange production processћϮϏЈϋΐ
Ťéťà yľţŞĻŗĠÌĞ;!Ġ2ÛŤSection 5ťà
j̟ϴЅϑϲУёПјіРшϴУёЗϵРшϴĜĒϲÍϖϱĠͲϕϏЈϋϥϜϮϊħƢРш ά
ϯŵʴРш S ЌàTϲȕȒϝϣϭǋϪϧУёЗЌ̆ƫºͩÙͼĬ͑њ$ SEMћЌȨϐϭ˙ë
ЌˆϪϧϋ± ΚΔΙΔΟ ϕУёПјіРшϴPÄmУёЗϴ SEMΐ ϲЅЈ\ɀϮϏЈϋħƢРш P
ϵɵϘʧϐУёЗњȢ˄´ћϕ̼ϝЉϊŵʴРш S ϵĬʁϱУёЗЌPÄmϯϟϭ̼ϟϭϐ
ЈϋħƢРш P ϴɵϐȢ˄´УёЗϵ¹ϱŢ˜ϴ®ϯϱЈϜϯϕƊІϔϮϏЇϊíϲŵ
ʴРш SϴĬʁϱУёЗϵ¹ɨϲŢ˜ϡЈĵ̃ЌŘϫϜϯϕȤ˛ϮϖЈϋCOTSϴУёПјіР
ш A ϵ 30љϴУёЗЌϿϕȢ˄´ϴ̼̓ϵõϱϘĬʁУёЗϕÌϐϧЀϊΊϐµʖȡϽ
ϮɊÈϟϱϐϕ/ϐµʖȡϮϵŢ˜țĽϵ¹ϲϱЈϋϜЉϔІɵϐУёЗϵУјђϴǇ
ϾÊğЌȦϠϊУёЗϴ̼̓ϴÌϝϵУјђĜĒϴ/ЌŕϘϜϯϕƊІϔϮϏЈϋІϴ
QˆɈɟ[85]ϮЁɵϐȢ˄´ϵǔˀǓϮϴʠȔĵϲĸĠͲϕϏЈајЪЌɏϟϭϐЈϋP
ÄmϴɵÍϝϯ̰oϱ̓њCoarse filler, excessive filler contentћϲЅЈ͝ĵϹϴíıɪϵĬ
ʁУёЗϴšȨϯ̼̓ЌǴІϡϜϯњFine silica filler, lower filler contentћϮϏЈϋ 
à
Coarse Silica of Previous Rubber-P Fine Silica of Improved Rubber-S
± ΚΔΙΔΟΐ ΐħƢРш P ϯŵʴРш SϴPÄmϴ SEM\ɀ
 
çãæãçàDAR Ġ[ĊĨGĊīĖyľţŞĠīŘĴŋŁŗà à
УХЯшЦДіФдЏёіМϴЏјЙЯЛЬылэјϯϟϭ DAR ЌȨϐϧ˛ƥϲЅϪϭϊˑͥ
ϱ]ǔϴȂЉщЗдЦшЌ± ΚΔΙΔΠ ϴЅϑϲƊɍϲɏϡϜϯϕϮϖϧϋ]ǔȂЉϵϊƖc
ϲɵϐУёЗњCoarse fillerћϴɴĤϲЅЇУјђϴǇϾÊğњNon-uniform seal contactћϕ̇ϜЇ
ǔУјђˉͯϲǓǡϕȦϠЈϋϜϴǓǡϲ]ǔϕSϪϭДіФіŚxϮ.ʛЌɖxϟϭ]
ǔϕǔУјђϴËϲŷ`ϝЉϭ]ǔȂЉϕ̇ϜЈϋǂϲ̰oϱУёЗ̓њHigher filler 
volumeћϕРшĜĒЌ/ϝϣϭµʖȱvɊÈњLow fatigue strengthћЌ̇ϜϟǔУјђϴ
ˌњSeal crackћЌȦϠЈϋУёЗϴɚͽϯ̓ϕ]ǔȂЉϲĠͲϡЈϴϮϊУёЗϕĬʁϮ̼
̓ЁǴІϟϧРш S ϵǔУјђϴУјђĵʥϯʠĵЌŵʴϡЈϧЀϴíıɪϲϱЈϯʞϒІ
ЉЈϋĬȦȗϲЅЈǔУјђϴРшϴtzњCoolant deterioration by micro-organismћϵͮĊȨ
ȳͩƿДіФіњSpecial engineћϯщіЯгіХʴњPoor maintenanceћϕ́ϱϪϧɗϱНјХ
њRare caseћϮϏЈϕϊϜϴДіФіϴ<͹ĵЌŵʴϡЈϧЀϲϵíɪϕİ˓ϮϏЈϋРш S ϴ
ʠ̀ĵРшхёцњAcid proof rubberћϵĬȦȗϲЅЈtzϴ͙ǄɪϲϱЈʥĵϕʞϒІЉϊ
Ħ̟ϴɍ˭˩ΉЁˆϪϭϐЈϋЁϑϫϴǔУјђϴˌЌ̇ϜϟϑЈȅ¶ȶϱ®
њPossibility of crack generationћϵǔУјђϴː̩ϴ¤̃ɭȤϴʴњLack of quality control 
± ΚΔΙΔΠΐ ΐ]ǔУјђϴȂЉщЗдЦш
 	
for seal productionћϮϏЇϊ2ЁíɪϟϱϚЉ϶òƢ¨ͺЌ̇ϜϡʥĵϕϏЈϋĆÀϲϓϚЈ
ʱȶϱУјђϴȂЉϴ®њCommon leakage causeћϵУјђϴϹϧЇњPerformance 
deformationϊ$µʖǕǇϾћϮϏЈϕϊĆÀϔІ­ϝЉϧǔУјђϴ˳ƫϮϵϹϧЇϵ
&Ё¿ϝЉϭϐϱϐϋʄΉϯ˩ˆ͎˯ϲ½ϬϐϧíɪϲЅЇʅƧϵĨІЉϧЁϴϴϊƖc
ϔІЏјЙЯЛЬыϴлэјЌʞϒϭϐЉ϶˩ˆ͎˯ЌϡЈϜϯϱϘ̨̛ϱщЗдЦш˛ƊϕϮ
ϖϧϯĳЋЉЈϋΐ

çãæãèàVerification Abalysis and Validation ResolutionŤVARťğħĪq»ĝAPV¾ΐ ΐ
áåâà½Þeà
j̟ϴЛёЯАЗђБУэјϴΪιΕΘΜ ϴʹȼϯíıϝϣϭϊŵʴРш SϲЅЈíɪϴƵ˧ϯ
ÕĞĵɍ˭ΑVerification and Validation Plan)ϴʹȼЌˉ ΚΔΙΔΙ ϲɏϡϋˉϴΎʵЧђϵƵ
˧ʹȼϮϏЈϕϊϜϴϧЀϲʿʟІϵрЭвИХНЭбїУјђ˩ΉƿњHead Gasket Seal Testerћ
ЌƁϧϲː4ϟϧϋˉϴʐϴʍŠϚЧђϵÕĞĵɍ˭ϴʹȼϮϏЇϊДіФі˩Ήϯ
ŵʴРш SЌʃϾ̙ЍϨДіФіϲЅЈĆÀ˩ΉϲЅЇâƃϟϧϋƈĴϱ]ǔȂЉϴíɪϕ
ǖЀІЉϭϐϧϧЀϲϊÕĞĵɍ˭ϯĆÀ˳ƫњCountermeasure and Field SurveyћϵƵ˧˩
ΉϕàϟϭϡϙϲâˆϲɖϟϧϋрЭвИХНЭбїУјђ˩Ήƿϵϊâ͡ϴДіФіϴǔУ
јђЌУчэѓјбϡЈϧЀϲâ͡ϴΊ`qДіФіϴЏЭЧіоёЌ5ȨϟϭʃϾɢϭϧϋ±
ΚΔΙΔΘΗϲ˩ΉƿϴƼĘ±ЌɏϡϋДіФіϴȕȒϲЅЈµqЌУчэѓјбϡЈ 215 MPaϴ
ǜµСБЛђњCyclic oil pressureћЌДіФімХбіϴȕȒäϲsϒϧϋϜЉϲЅЇДіФіȕ
ȒЌУчэѓјбϟϧрЭвИХНЭб ̘ϴÍϖϱÊ.Ќ[ȣϟϭϐЈϋÊ.ϵрЭвИХНЭб
ˉ ΚΔΙΔΙΐ ΐDARϴʹȼϯíıϝϣϧƵ˧ϯÕĞĵɍ˭ϴ VARϴ˩Ήʹȼ
Head Gasket Seal
Tester
Engine Bench
Test
Countermeasure
and Field Survey
1 Only caused in
improved engine
Improving
uniformity of seal
contact
! !
2 Only caused in coolant
seals
Adoption of high
strength rubber !  !
3 Seal crack caused by
coolant deterioration
Acid-proof rubber
(Rubber-S) !  !
4 Inadequate seal
production process
Change of seal
production process !
5 Unsuitable rubber
composition
Fine silica filler
(Rubber-S) ! 
No. Critical Issues Items forCountermeasure
Verification and Validation(hatched cell) Plan 
 	
 ̘ϲ2ɫńϔϲˣʛϟϧʕƽȨϴ͖͠ЧіСњGap SensorћϮǸáϟϭâ͡ϴДіФіϯ
ϠxϖϲϱЈϜϯЌɍ˭ϟϭϐЈϋ˩ΉƿT1ЌËDϴкјЪϲЅϪϭ 95πϲsȔϟϭǔУј
ђϴǶĒЌâ͡ϴДіФіϴțĽϲ̜ϬϚϭϐЈϋǔУјђϴµʖȡЌ˳żϡЈϧЀϲϊŻ
ɚͽϴϝϴрЭвИХНЭбЌǽEϟϭ˩ΉХЯЭпǏϲŨϟϱϕІ˩ΉЌˆϪϧϋД
іФі˩ΉϯĆÀϮϴДіФі˩ΉϲϫϐϭϵĦ̟ϡЈϋΐ
áæâà ŒŅŉĵŀĹŅňŢľţŞ½ÞuĭĈĖb®Ļŗ S yľţŞĠ¨VĠq»ΐ
ΐ ƝрЭвИХНЭбїУјђ˩ΉϲϓϚЈǔУјђϴȱv˩ΉϴʅƧЌ± ΚΔΙΔΘΘ ϲɏϡϋħ
ƢРш P ϵϊµʖȡњCompression Ratioћ40љϴ̰Í˼ʼϴơ&ϲϓϐϭ 6 x 106 СБЛђ
њPressure CycleћϮˌȳȦϕ[ȣϮϖϧϋĆÀϴˌϴțĽϲͽ-ϟϭϓЇϊSEM ϲЅЈ˙
ëʅƧЁĆÀϮϴˌϯϠȱvɊͯЌϟϭϐϧϋħƢРш P ϯŵʴРш S ϴȱvƒʒϵ
ƊɍϲȰϱϪϭϐЈϋáϴµʖȡϮϏЉ϶Рш SϵРш Pϴ 10?$ϴȱvî¢ϲϱЈϋ
Ɨƿ̀њϜϜϮϵ 10љ̽̀ћϲǬȄϟϧРш PњImmersed Rubber-PћϵȱvĜĒϕÍϖϘ/
ϡЈϕϊϠƗƿ̀ϲǬȄϟϧРш SњImmersed Rubber-Sћϵʠ̀ĵϕϏЈϧЀȱvĜĒϴ/
ϵõϱϘōϒІЉЈϋͮĊȨȳͩƿДіФіϴ5Ȩ]ǔϲϵУэВ̀ϕÌϘϽЉϭϐ
ϧϴϮϊУэВ̀ϲЁǬȄϟϭДіФі˩ΉЌˆϪϭƺϱʅƧЌĨϭϐЈϋƗƿ̀ǬȄĦϴ
Рш SϵРш Pϴɹ 100?ϲȱvî¢ϕĕϷЈϜϯϕЋϔϪϧϋΐ
± ΚΔΙΔΘΗΐ ΐрЭвИХНЭбїУјђ˩ΉƿϴƼĘ±
!""#$$
 	
à
áçâà,ĲšĿš½ÞğħĪb®yľţŞĠAPV¾ΐ
ϜϴΊ`qДіФіЌȨϐϭ± ΚΔΙΔΘΙ ϴЅϑϲT 19­ϴДіФі˩ΉЌˆϪϧϋϥϴ
Z 10 ­ϴДіФі˩ΉϲϵħƢРш P ϴǔУјђњ±ϴ̅ξћЌʃϾ̙ЍϮ˩ΉЌˆ
ϐϊ9 ­ϴДіФі˩ΉϲϵŵʴРш Sњ±ϴͬћϴǔУјђЌʃϾ̙ЍϮ˩ΉЌˆϪ
ϧϋħƢРш P ϴǔУјђϮϵ 1001,000 ƍ͖ϴ˩ΉϮ Μ ­ϴ]ǔȂЉњLeakageћϕȦ
ϠϧϕϊŵʴРш S ϴǔУјђϮϵ 502,000 ƍ͖ϴ 9 ­ϴ˩ΉϮTϘ]ǔϴȂЉϵȦϠ
ϢУјђĵϯʠĵϴÕĞĵɍ˭ϕϮϖϧϋ˩ΉĦϴРш S ϴǔУјђϴϹϧЇњµʖǕ
ǇϾћ̓ϴǸáϔІϊРш S ϕȼƻϴЖјиујђ̚ϴî¢ 10,000 ƍ͖$ϕ;ŘϮϖЈϯ
ţáϝЉϧϋϱϓϊµʖǕǇϾϲ͗ϟϭϵħƢРш ά ЁРш ή ϯɨϴĵʥϮϏϪϧϋΐ
áèâà,ĲšĿš½ÞğħĪľţŞ=QğħĪīŘĴŋŁŗĠAPV¾à
ϜЉІϴДіФі˩ΉϲϓϐϭϊʿʟІϵħƢРш P ϴǔУјђϵˌϕȳȦϟϭϐ
ϱϐϲЁ͗ЋІϢ]ǔϴȂЉЌ̇ϜϡϜϯЌ˔ϫϚϧϋϜϴȂЉϴщЗдЦшЌɍ˭ϡЈϧ
± ΚΔΙΔΘΘΐ ΐрЭвИХНЭбїУјђ˩ΉƿϲЅЇĨІЉϧǔУјђϴȱvƒʒΐ
 	
ЀϲДіФі˩ΉϮȂЉϕȳȦϡЈϯƍϲϊДіФірЭвЌвѐБЏБХϮĴ]ϟϭ^ΐ
ʅϝϣϭa˛ϟϧϋУёіЫрЭвЌЇËϟϭрЭвИХНЭбϲʀËʒѐіпЌȓñϟϭ˙ë
ϟϧʅƧϕ± ΚΔΙΔΘΚ ϮϏЈϋă\ɀϴɂϮϵϊǔУјђϔІȂЉϧ^ǮSЇϴ]ǔϕ
ͬʵϲRϪϭϐЈϕϊ]ǔȂЉЌ̇ϜϟϧǔУјђϲϵ\ɀϴɂϴЅϑϲˌϱϰϕ
TϘϱϐϜϯϕЋϔЈϋϟϧϕϪϭϊħƢРш P ϲЅЈ]ǔȂЉϴϫϴ®ϵ¹ϱµ
± ΚΔΙΔΘΙΐ ΐДіФі˩ΉϲЅЈрЭвИХНЭбȨϴǔУјђϴµʖǕǇϾϯΐ
]ǔȂЉϴȳȦΐ
Lower Limità
± ΚΔΙΔΘΚΐ ΐДіФі˩ΉϲϓϚЈ]ǔȂЉȽĦϴǔУјђ Їϴțǟΐ
њă\ɀѢʀËʒϲЅЇͬϘRЈ^Ǯϊ\ɀѢǔУјђϴțĽћΐ
 	
qaćϲЅЈÊğϮϏЈϜϯϕɍ˭ϝЉϧϋΐ
ΐ
çãæãéàb®yľţŞĠaĝyľţŞĠőŠŃķňŜİŏļİķŞŖŌĿŘšňŤPLMťĭ¦ĉĖFà
ÕĞĵɍ˭ϕàϟϧĦϲϊʿʟІϵĂÀϮȦȧϝЉЈTϭϴДіФіϵŵʴϟϧРш S
ϴǔУјђЌšȨϡЈЅϑϲϟϧϋϽϧϊĆÀϮ]ǔȂЉϕ˔ϫϔϪϧTϭϴДіФіϵa
˛ϟϭŵʴРш S ϴǔУјђϲŨϡЈЅϑϲϟϧϋϜϴ}č͖ϴɅƙíɪϲЅϪϭĆÀϔІ
ϵрЭвИХНЭбϔІϴ]ǔȂЉϵ¿ϝЉϱϘϱϪϧϋΐ
Qˆȶϲ̓ȧϝЉϭϐϧʳʲȨϯȳͩƿȨϴДіФіϮϵϊϜϴŵʴРш S ϴǔУјђϲ
ЅЇòƢЁ5ȨϮϖЈ˔̧ϟЌʿʟІϵŘϪϭϐϧϋϟϔϟϊĖˣƿƱȨДіФіϮϵϜϴĦϲ
ϟϐŞ`ИХ˕gϴĜzϕˆЋЉЈ˞ȫϕƆɲǃϲϏЇϊòƢϜϴрЭвИХНЭбƂĘЌ
ŘϫΊ`qДіФіϕÛʋϮϖЈϔŀĲϕϏϪϧϋϜϴϧЀϊϜϴДіФіϲŞ`ИХǩzˍ
ʛЌˍɁϟϭДіФі˩ΉϕˆϱϪϧʅƧϊРш S ϴǔУјђϵµʖǕǇϾϕ Ηљΐ
ϯµʖ#ϕϱϘУјђϮϖϱϐțĽϲϱϪϧϋʿʟІϵУёПјіРшϲƕЋЈРшƟžϯϟϭ
ǔɿz NBR ϴǔУјђϹϴšȨЌ͒ƙíɪϯϟϭɈɟϟϧϋǔɿz NBR ϵɠǓϴsȔ
ϮϵʠȔĵϵ/ϐϕϊ]ǔϮϵУёПјіРшϏЈϐϵнЭɿРшЅЇЁʠȔĵϕΊϘϱЈ
ϜϯЌ˔ϐ`ϟϧϋKeller ϴQˆɈɟ[83]Ϯϴǔɿz NBR ϕ]ǔϮϵ FKM ЅЇΊϐʠ
ȔĵЌŘϫ¿ϯʮϡЈʅƧϮϏЈϋǔɿz NBRњ$Рш TћϴǔУјђϵРш S ϯƺ
ϲŢ˜ϴ¹ĵϊµʖɊÈ˩ΉϊƗƿ̀ǬȄ˩ΉϱϰϴƵ˧ЌˆϪϧĦϲϊΊǶϴрЭвИ
ХНЭб˩ΉϲЅЈÕĞĵɍ˭ЌˆϱϪϧʅƧϵˉ ΚΔΙΔΚ ϴϯϓЇϮϏЈϋϜϴʅƧϊРш T ϵ
˩ΉĦ|aϱµʖǑњCompression Ratioћ;ŘϟϭϓЇϊРш S ϲǑϺɹ 10 ?ϴî¢ЌŘϫ
ϜϯЌƵ˧ϮϖϧϋħƢРш Pϵ 1/2$ϴСБЛђњTest CyclesћϮˌЌȦϠϊРш ήϵˌ
ЌȦϠϱϐЁϴϴµʖ#ϕTϘϱϘϱϪϭ͛AњLower LimitћЌ­ϪϭϐЈϋ 
ˉ ΚΔΙΔΚΐ ΐрЭвИХНЭбїУјђ˩ΉƿЌȨϐϧΊǶњ155!ћ˩ΉϴʅƧΐ
 		
ϟϔϟϱϕІϊOpsCon Ϯ˓ǖϝЉϭϐЈƷê·ϲϓϚЈ-50π-30!ϴ/Ƕͷ¼ϲíϟϭ
ϵРш TϕРшĝĵЌÑϐУјђĵϕϱϘϱЈ¨ͺϕϏϪϧϋϜϴϧЀϊРш Sϵê]·Ȩϯϟ
ϭРш T ϯ5ϐaϚЈϜϯϲϟϧϋŵʴϟϧǔУјђϲϫϐϭϵϊϜЉЌЇňϑfå͗:ʟϊ
ϡϱЋϩĂÀϴʃɢϭ4ƶʟϊ]ǔȂЉЌʄΉϟϧюјТϊаАјѐ=Ȥ¥ϊĖˣƿƱщ
јЗϴСјлХ¥ϲçƋϲŵʴ¤ϯЋϔЈЅϑϲРш S ϵǔʵϊРш T ϵΏʵϮͯЇϟϭ{
eϮϖЈЅϑϲϟϭϐЈϋΐ
РшTϴ͕ȳϲЅЇϜϴрЭвИХНЭбƂĘȨϐϧΊ`qДіФіϵϊː¤ѐБнСБЛђС
БЛђɭȤњPLMћϮϴ̓ȧϔІȦȧʂϽϮϴː¤î¢њMiddle of Lifeϊ$ MOL)[89]Ќ
Íċϲĕ͒ϡЈϜϯϕϮϖϭϐЈϋ2017 čȣ¶ЁРш T ϴǔУјђЌ5ȨϟϧДіФіϵ½Ɲ
ȶϱъађЬГіФϱϟϲ 5 ­ϴŞ`ИХ˕gЌЇ̉ϒϭϜϯȦȧϮϏЈϋϜϴЅϑϱÙ̻
¤њSub PartsћϮϏϪϭЁϊάΨΩϴ˙ȏϔІ͒ƙȶϱíɪЌˆϑϜϯϕİ˓ϮϏЈϋΐ
 
çãæãêà ĥĝĦà
рЭвИХНЭбϴǔУјђϴȂЉ®ϵϊFTA ЌȨϐЈϲЅЇϊɵϐУёЗPÄmϲЅЈǔ
Ујђϴ¹ϱŢ˜ϊȱvϲЅЈˌȳȦϊ]ǔϮȳȦϟϧиЛЯёЏϲЅЈРшϴt
zϊː̩ʴϴ 5 ʹȼЌ˔`ϡϜϯϕϮϖϧϋϟϔϟϱϕІϊ®ϕÌüϲЋϧЈϧЀȂЉщЗ
дЦшЌƊɍϲ˛ƊϮϖϭϐϱϔϪϧϋĞƍϵϊУёПјіРшƟžϴŵʴЌƃϡíɪϲЅЇϊ
ȂЉŹ͢Ќ͙ϙϜϯϕϮϖϧϋ 
УХЯшЦДФдЏёіМϴ DAR ЌȨϐЈЏпєјЬϲЅЇ˛ƊϟϧȂЉщЗдЦшϯíɪЌ
[ʞϟϧʅƧϊǂϴʅ˵ЌĨϧϋΐ
ўћ! DARΐ ЌȨϐϭϊŹ͢њåћϲ͗ϡЈ¨ͺȏЌУХЯшϔІРшʃŁϽϮϴ Μ ͞úϲaϚϊ
͝ПіЯЙХбϯíɪЌżȤϡЈϜϯϮϊ]ǔϴȂЉщЗдЦшЌƊɍϲɏϡϜϯϕϮ
ϖϧϋΐ
џћ! DAR ϴ͞úǏϲ¨ͺȏϲíϡЈ˩ΉϴʅƧЌƵ˟ϡЈϜϯϲЅЇϊǔУјђϴȂЉϴ
®ЌʏȶϲȤ˛ϡЈϜϯϕϮϖϧϋíɪϟϧǔУјђϴwƧЌ˨8ϡЈϜϯϕϮϖϧϋΐ
Ѡћ! VARЌȨϐϭрЭвИХНЭб˩ΉƿϲЅЈƵ˧ϊДіФі˩ΉϲЅЈÕĞĵɍ˭ϊϱ
ІϷϲíɪâƃĦϴĆÀ˳ƫϲЅЈÕĞĵɍ˭ϲЅЇϊŹ͢íɪϕàʅϟϧϜϯЌɍ˭Ϯ
ϖϧϋΐ
ѡћ! Ɓϧϲ͕ȳϟϧǔɿz NBR ϴǔУјђϵϊŵʴУёПјіРшϲ#ЋϪϭϊϜϴΊ`q
ДіФіϴː¤ѐБнСБЛђСБЛђɭȤњPLMћϮϴ MOL ЌÍϖϘĕ͒ϮϖϧϋȆȀǜ
ͽϲ̇®ϡЈŹ͢ϹϴíɪϮϵϊMOLĕ͒ЌȜϑϜϯЌŦưϡЈϋà
ΐ ΐ
 	

çãçà ķŜšķľŚŏňĳİŞľţŞĠīcØĠFà
ĖˣƿƱщјЗϮϵȨ̦ϲıϠϭСБЦϴȰϱЈаАјШђДіФіЌİ˓ϯϡЈϋДіФ
і͕ȳϲ͡ϟϭϵϊДіФіǜϲ̇®ϡЈŹ͢ЌȦϠЈϯ͕ȳЌƀϡЈϜϯϲЁϱЇYϳϱϐϋ
ϜϜϮϵÍºϓЅϷºϴЛѐіЛУынбϴ`qDϲϏЈЖБђУјђњ$ЛѐіЛУынб
Ујђћϲ͗ϡЈíɪϲϫϐϭ̟ϺЈϋÍºДіФіϮϵЛѐіЛУынбУјђϕ 2430 m/s
ϴΊ ̨ϯϱЈ¨ͺϕȦϠϊºДіФіϮϵ 2 ǮЌƍϲéïϮϖЈаэЏђёЭпϴЛѐі
ЛУынбУјђњ$аэЏђёЭпУјђћЌİ˓ϯϡЈ¨ͺϕȦϠϧϋΐ
Ί ̨ϴЖБђУјђϓЅϷаэЏђёЭпУјђϲ͗ϡЈQˆɈɟϮϵϊЖБђУјђ
ϴŹ͢ϴ˛ƥЌУХЯцЯАЭЛϲ˩Ͼϧ6ϕϏЈϋ"ȩ[90]ϵȂЉŹ͢ϴ˓®ϯ5Ȩơ&Ќ
FTA ϲЅЇżȤϟϭϓЇϊHirabayashi І[91]ϵĆÀϮϴȂЉŹ͢Ќ Failure Mode and Effects 
Analysis њ$ FMEAћ[92]ϮżȤϟϭϐЈϋŊˇȶϱQˆɈɟϮϵ Symons[93]ϵЖБђУ
јђϹϴрёЭЛХ̠sϲЅЈʠĵŵʴЌɏϟϭϐЈϕϊMatsushima І[94]ϵрёЭЛХϕƈ
ƙϲŮʡϡЈϴϮwƧϵϱϐϯϟϭϐЈϋRapp І[95]ϵΊ̨ϴКьǜȨЖБђУјђϮёЭп
ˉͯϲȎzȗϕ¾ɝϡЈϜϯЌ¿ϟϭϓЇϊёЭпʼ́ϴ/ǴϯрёЭЛХϕȎzȗϲЅЈȂ
Љϴ͙ǄϲwƧϕϏЈϯϟϭϐЈϋɓǕ[96]ϵаэЏђёЭпϴЛѐіЛУынбУјђϲȳȦϡ
Ј˼µЌДіФіоєЭЛϯУјђƂϲ͕ϚϧɞϮŐϘƂǠЌșˤzϟϭϐЈϋΐ
ƝɮϮϵϊΊ ̨ЛѐіЛУынбУјђϴДіФіǜϴȂЉ®Ќ˛ƊϟϊȂЉϴȳȦϴ
ơ&Ќ˔ϐ`ϟϧϜϯϲϫϐϭ̟ϺЈϋаэЏђёЭпУјђϴǜȂЉϴ®ϵϊёЭп͖ϴ˼
µϲЅЈϜϯЌ˔ϐ`ϟϭϐЈϋϜЉІϹϴíɪЌˆϱϪϭϊΊ ̨ЛѐіЛУынбУјђϯа
эЏђёЭпУјђЌ͕ȳϟϧϜϯЌ̟ϺЈϋƝɮϲϫϐϭϵ SAE ϲϭ˵ŽȳˉϟϭÜˇˬ
[57]ϲŤ̔ϝЉϭϐЈϋϜЉϲϫϐϭϊУХЯшЦДіФдЏёіМϴЏпєјЬϲЅЇϊёЭпϴ
ŚЈʯϐЌ˖zϟϊΚΕΙ ɮϲ̟Ϻϧ DAR ЌȨϐЈϜϯϮϊʄΉȶϲ̫Ѐϧ
ЛѐіЛУынб
УјђϴȂЉŹ͢ϴ®˛ƥϯíɪЌżȤϟϭ[ʞϡЈϋΐ
à
çãçãåàß0ÉķŜšķľŚŏňľţŞĝŇśĮŞŝŅőľţŞğēĖīĠŘĴŋŁŗĠq¸à
áåâàß0ÉķŜšķľŚŏňľţŞĠtÊćīċĒĖŝŅőĠXµEĞĨġğŝŅőĠ^Ī¬Ĉà
Ġq¸à
Ί ̨ЛѐіЛУынбУјђϴƼĘ±Ќ±ΚΔΚΔΘϲɏϡϋΊ ̨ЛѐіЛУынУјђϵË
Ĥ 260 mmϊċ 20 mmϮϏЇϊЛѐіЛУынУјђϴёЭпϵДіФіCǄϮϵРшϲЅЇéΐ
ïϟϭϐЈϕϊЛѐіЛУынбϕ­̐ϡЈϜϯϲЅЇBįϏЈϐϵŚxϮёЭпϯϴ͖ϲ͠ϕȦ
ϠϭЖБђϕȂЉЈϜϯϲϱЈϋϥϴϧЀёЭпʫ1ϵ­̐ϲДіФіǜϕȂЉϱϐЅϑϲД
іФіǜЌœϟŃϡ4ȨЌŘϪϭϐЈϋϝІϲϊǜЌœϟŃϡ4ȨЌŘϫ̣еФϴ`ϪěЇњр
ёЭЛХћЌРшϴёЭпÍǓDϲ!ϚЈÀϕϏЈϋϜϴёЭпϴŚЈʯϐϴ˫ʁϵ SysMLϴЏ
 	
ЛЯАлЯА±ЌȨϐϭĦ̟ϡЈϋΐ
ÍºДіФіϴ˩ΉϲЅЇ 2 ɚͽϴƟ̃ϴȰϱЈЛѐіЛУынбУјђЌϥЉϦЉ
1,000 ƍ͖˩ΉϟϧʅƧϊϐϢЉϴЛѐіЛУынбУјђϔІДіФіǜϴȂЉϕȳȦϟϧϋ
± ΚΔΚΔΙ ϵУёіПіРшњ$ VMQћϯнЭɿРшњ$ FKMћϴЛѐіЛУынбУјђϴ˩
ΉĦϴёЭпQɥϴțĽЌɏϡϋVMQ ЛѐіЛУынбУјђϮϵȎzȗϴ!ɁϯЛѐЭЛϕȳ
ȦϟϊFKM ЛѐіЛУынбУјђϮϵȎzȗϴ!ɁϯʪЉϕȦϠϭϐϧϋVMQ ϯ FKM Лѐі
ЛУынбУјђϴȎzȗЌ˳ϺЈϯРшϴŁaϵƵ`ϝЉϢϊДіФіǜϴǱsmŁaњЗђ
УВшϯ͇ћΐϨϚϕƵ`ϝЉϧϋϜЉІȎzȗϴ!ɁϵħƢϴ/ ̨ϴЛѐіЛУынбУј
ђϮϵǓϕ!ϔЉϱϔϪϧȣ˺ϮϏЇϊДіФіǜϴǜʩbЉϲЅЈϯţáϟϧϋVMQ ϲ!
ɁϟϧȎzȗȽϴРшϲϵȔa˛ϲЅЇЛѐЭЛϕȦϠϭϐЈϋFKM ϴȎzȗ ̘ϴʪЉϵ
РшŁaϮϏЈPÄmϴǿϚ`ϟϯȔϲЅЈĠͲϲЅЇȦϠϭϐЈ[97]ϋ 
áæâà ľţŞĠŝŅőĠ^Ī¬Ĉà
± ΚρΚρΚ ϲΊ ̨ȨЛѐіЛУынбУјђϴёЭпϴŚЈʯϐЌˉϡ SysML ϴЏЛЯАл
ЯА±ЌɏϡϋЛѐіЛУынбУјђњcrankshaft sea: Sealing PartsћϲϵрёЭЛХ!ϖϴёЭ
пњSeal Lip with HelixћϕϏЈϋёЭпϵДіФіDϔІË̻ϲ`ЅϑϯϡЈДіФіǜњ$ EOћ
± ΚΔΚΔΘΐ ΐΊ ̨ЛѐіЛУынбУοђϴƼĘ±ΐ
 	)
ЌУынбϯϴ͖ЌȆȀњLubricate LipћϝϣϧĦϲϊДіФіDϲœϟŃϡњReturn OilћϋϜϴ
ƍёЭпϔІϵϊË̻ϔІϴɠǓЁʑϲДіФіZϲSЈϋϜϴɠǓϵЖБђУјђϴËD
ϲ!ϚϧЫХбёЭпњDuѨѩ LipћϔІSЈϕϊȞϐ͖͠ϴЫХбёЭпϓЅϷʙʌЌʓЍϨ̧Ǔ
ĵϴϏЈЫХбёЭпϲЅЇЫХбϵË̻ϲŞ`ϝЉЈњPrevent DustћϋΊ ̨ϲϱϪϭёЭпϴ
βΒ УёПјіРшњVMQћЖБђУјђ
ϴёЭпů̻ϴȎzȗϯЛѐЭЛ
γΒ нЭɿРшњFKMћЖБђУјђϴё
Эпůx̻ϴȎzȗϯʪЉ
± ΚΔΚΔΚΐΊ ̨ȨЛѐіЛУынбУοђϴёЭпϴŚЈʯϐЌˉϡЏЛЯАлЯА±ΐ
± ΚΔΚΔΙΐ ΐÍºДіФіϴ˩ΉϮȂЉЌ̇ϜϟϧЛѐіЛУынбУοђϴёЭпůx
̻ϴȎzȗϯЛѐЭЛϯʪЉΐ
 	
ŮŲǶĒϕϕϪϭȆȀϕ|aϲϱЈϯϊǜʩϕ˃ϘϱϪϭ EOϴȎzȗϕȦŁϡЈϯʞϒ
ІЉЈϋрёЭЛХϵёЭпϴ EO ЌœϟŃϡ4ȨЌÇĜϡЈњhelix: Boost Lip Actionћϕϊƍ
ϲȆȀњLubricate LipћϴwƧЁÇĜϟϭǜʩЌϘϡЈwƧϕϏЈϯʞϒІЉЈϋ 
à
çãçãæà ľŀņŗŁĲšĿŋĮŝšĸĠ ïîô ĭĈĖľţŞĠīFĠ¦à
ЖБђУјђϴЏјЙЯЛЬыϴŹ͢лэјϮϏЈ DAR ЌȨϐϭϊЛѐіЛУынбУјђϔ
Іϴ EO ϴȂЉњLeak from Crankshaft SealћϲíϡЈ͞úϮϴ¨ͺȏњCritical Issues on 
Harmћϊ͝ПіЯЙХбњHazardous ContextћϯíıɪњResolutionћЌ± ΚΔΚΔΛ ϲɏϡϋÍº
ДіФіϴΊ ̨ЛѐіЛУынбУјђϵУынбȽĤϕÍϖϐϴϮȂЉЌȦϠЈњSection 1, 
System - Engine: Leak in Larger Shaft SizeћЁϴϮϏЈϋϜЉϵΊ ̨ϯϱЈ͝ПіЯЙХбϲ
ЅЈњHigh Rotation SpeedћϋаэЏђёЭпУјђЁ 2 ǮȨУјђϯϟϭϵΊ ̨ϮϏЈњHigh 
Speed as a Dual LipћϋΊ ̨ϮϵёЭпůxϲЅЈȳȔϕÍϖϘϱЈњSection 2, Assembley - 
Cranckshaft: High Heat Generation ћϴϮǶĒЌϛЈíɪϕİ˓ϯϱЈ њ Lowering 
TemperatureћϋУјђёЭпϴʼ́ϕÍϖϐϜϯϮȂЉЈњSection 3, Parts - Cranckshaft Seal: 
Leak by High Radial LoadћϜϯϲíϟϭϵϊ̰ÍϱХпёіМqњExcessive Spring Forceћϕʞϒ
ІЉЈϴϮϊíɪϯϟϭУјђϴХпёіМʼ́ЌϛЈњLowering Spring ForceћϜϯϕʞϒІ
ЉЈϋQˆɈɟϮЁёЭпʼ́ЌϛЈϜϯϮȂЉЌ͙ǄϡЈϜϯϕ¿ϝЉϭϐЈϋϝІϲУј
± ΚΔΚΔΛΐ ΐ ЛѐіЛУынбУјђϴȂЉϲϫϐϭϴ DARΐ
Designer
Section
1 Leak in Larger
Shaft Size
2 Leak by High
Friction Heat
3 Leak by High
Radial Load
4 Leak by Negative
Pressure
5 Leak without Helix
6 Leaking Tendency
in VMQ Seal
7 Leak by Carbon
Deposit
Critical Issue on Harm
Improvement of High
Speed and Dual Lip
Increase
Stiffness
Hazardous
Context
Hazardous
Context
High Rotation
Speed
High Speed as a
Dual Lip
High Heat
Generation
High Heat
Generation
Prevention of Oil-
film Shortage
Leak from Crankshaft Seal
Lowering Temp.
Resolution
Negative Pressure
between Lips
Eliminate
Negative Pressure
Addition of
Helix
Lowering
Spring Force
Excessive
Spring Force
Excessive
Spring Force
No Helix Helix?
VMQ or FKM Lowering
Stiffness of VMQ
Negative Pressure
with Dust Lip
!""#$%&'
( )*+,-".+/01
2+*0"
( )*+,-".+/0
3#+&
3'"0#$
( 4,56,#
78%%#*1
9+0#*6+&
:8%*6;+06<,
Oil-film Shortage = > Carbon 
Deposit
 

ђёЭпϴʼ́ϕÍϖϐ¨ͺϮϵϊΊ ̨ЛѐіЛУынбУјђϴЫХбёЭпϴ͖͠ϕ̶ǅ
Ϯ˼µϕȳȦϟϱϐњSection 4, Parts: Leak by Negative PressureћϜϯЌɍ˭ϡЈİ˓ϕϏЈϋ
ϽϧϊаэЏђёЭпУјђϮϵ 2 ёЭп͖ϴ˼µȳȦϕŹ͢ϲϫϱϕЈ͝ПіЯЙХб
њNegative Pressure between LipsћϮϏЇϊ˼µЌȐϘϡíɪϕİ˓ϮϏЈњEliminate Negative 
PressureћϋёЭпϴрёЭЛХϕϱϐϧЀϲȂЉЈ¨ͺњSection 5, Parts: LeaѤ without Helixћϲ
ϫϐϭϵQˆɈɟϮ|a˛ƊϝЉϭϐϱϐϴϮϊϥϴwƧЌƊІϔϲϡЈİ˓ϕϏЈϋаэЏ
ђёЭпУјђϹϴрёЭЛХϴwƧЁƵ˟ϕİ˓ϮϏЈњHelixћϋƟžϴʠȔĵϲϫϐϭϵ
VMQ ϴ 200225 !ϲíϟϭ FKM ϵ 250 !ϯΊϐ[98]ϴϮϊʠȔĵϴĠͲϮȂЉЂϡϐ
њSection 6, Rubber Material: Leaking Tendency in VMQ sealћϜϯϕϏЈϴϔЌŌũϡЈİ˓ϕ
ϏЈϋϽϧϊVMQ Ујђϕ5Ȩϲ FKM УјђϲǑϺϭkĵϕ/ϟЂϡϐњLowering 
Stiffness VMQћϜϯЌʄΉϟϭϐЈϴϮ VMQ УјђϴkĵЏЭпњIncrease StiffnessћЁƵ˟
ϡϺϖ˲ͺϮϏЈϋёЭпϹϴȎzȗ!ɁϲЅЈȂЉњSection7, Lubrication: Leak by Carbon 
Depositћϴ¨ͺϲϫϐϭϵϊϜЉϕǜʩbЉњOil-film Shortage!Carbon Depositћϴ͝Пі
ЯЙХбϲЅЈϜϯЌɍ˭ϟϭíɪњPrevention of Oil-film ShortageћЌʞϒЈİ˓ϕϏЈϋΐ
ΐ ΐ
çãçãçàïîô ğ}ĘĖß0ÉķŜšķľŚŏňľţŞĠīĠFà
áåâàõúøĄüĀÿàåŤľŚŏňSċ?ČĈťéŤŒŝŅķŀĞĒťĥĜĠq¸à
УынбȽĤϕÍϖϐ¨ͺњSection 1, Leak in Larger Shaft SizeћϹϴíɪϵϊ­̐ŻЌϛ
ЈϜϯϊϏЈϐϵДіФіˣ˞ϴ˔ȽϟϕʞϒІЉϊĵʥ/ϕ̇ϜЇ͕ȳЌ̬ІϣЈϜϯϲϱЇ
ȣâȶϮϵϱϐϋϟϧϕϪϭϊÍºϯºДіФіȨϴЛѐіЛУынбУјђЌŵʴϡЈİ˓
ϕϏЈϋůxϲЅЈȳȔϕÍϖϐϜϯњSection 2, Leak by High Friction Heatћϲíϟϭϵϊ/Ů
Ų:ŻϴРшƟžЌȨϐЈϜϯϕʞϒІЉЈϋϟϔϟϊУјђщјЗϲЅϪϭ͒ϐ͖ɈɟϝЉϭ
ϐЈϕâȨϲϵʭϪϭϱϐϋ 
УјђёЭпϴʼ́ϕÍϖϐϜϯњSection 3, Leak by High Radial LoadћϲϫϐϭϵϊёЭпʼ
́ЌħƢУјђϲǑϺÍϖϘǴІϟϧŵʴЛѐіЛУынбУјђЌ͕ȳϟϭϐϧϋϥϜϮϊħ
ƢУјђϯŵʴУјђϲϫϐϭДіФі˩ΉЌȨϐϭёЭпϴǶĒǸáЌˆϱϪϧϋЛѐ
іЛУынбУјђϴёЭпQɥϔІ 1.0 mm ϴ.ʛϲȔͩíЌ»Ѐ̙ϾϊáǶĒϲƠϡ
Ј 30 a͖ϴǶĒǸáЌ˩ϾϧʅƧЌ± ΚΔΚΔΜ ϲɏϡϋϱϓϊёЭпʼ́ϵЛѐіЛУынбϴ
ŚЉϲíϡЈ̠ħĵʥЌ;ϫϧЀϲ 40 N $ϲϛЈϜϯϵϮϖϱϐϋÍºДіФі A-1
A-3ϴ˩ΉϮϵŵʴ¤ϴ/ёЭпʼ́VMQњ52 NћϊрёЭЛХ!ϖ/ёЭпʼ́VMQњ42 
Nћϊ/ёЭпʼ́ VMQњ54 Nћϴ 3ɚͽϯЁϊёЭпǶĒƉњLip Temperature Riseћϵ 40 !ƛ
ǻϮϏϪϧϋϜЉϲíϟϭħƢ¤ϴΊёЭпʼ́ FKMУјђњ83 Nћϊ/ёЭпʼ́ VMQУј
ђњ55 NћϊΊёЭпʼ́ VMQУјђњ83 NћϵϐϢЉЁёЭпǶĒƉϵ 5060 !ϯϱϪϧϋ
 

ϜЉІTϭϴ7˩ЛѐіЛУынбУјђϲϫϐϭϵ±ϲɏϡЅϑϲДіФіϲЅЈʠ
˩ΉњEngine endurance testћϕˆЋЉϭϓЇϊħƢУјђ 3 ɚϐϢЉЁȎzȗ!ɁњCracking 
or Coking, Oil-leakageћЌȦϠϊŵʴУјђϵȎzȗ!ɁϓЅϷȂЉϵȦϠϭϐϱϐϋϟϧϕ
ϪϭϊȎzȗϕ!ɁϟϱϐёЭпǶĒƉϴ͛Ȭϵ 40 !̜̘ϲϏЈϜϯЌ˔ϐ`ϟϧϋ 
ǂϲЛѐіЛУынбУјђϴёЭпʼ́ЌХпёіМϴ˳żϮÊƓϟϧ Ι ɚͽϴЛѐіЛУы
нбУјђϲϫϐϭЖБђУјђ˩ΉƿЌȨϐϭ± ΚΔΚΔΝ ϴЅϑϲУынбǶĒǸáЌˆϱϪ
ϧϋ± 3-3-6 aћϲɏϡЅϑϲёЭпʼ́ 4080 Nϴɯ°ϮϵёЭпʼ́њLip Radial LoadћϯУ
ынбǶĒƉњShaft temperature riseћϵǑ6ϡЈϕ 80 N Ќ̉ϒЈРшϴёЭпϕÊğϡЈϧ
ЀǶĒƉϵáϲϱϪϧϋ˼µϲЅЈȂЉњSection 4, Leak by Negative Pressureћϲϫϐϭ
ϵϊʙʌϮ̧ǓĵϴϏЈЫХбёЭпЌ5ȨϟϭϐЈϴϮ˼µϵȦϠϱϐϋ 
ǂϲϊрёЭЛХϴĠͲњSection 5, Leak without HelixћЌЅЇǅɍϲŌũϡЈϧЀϲϊЛ
ѐіЛУынбУјђϮрёЭЛХ!ϖϯрёЭЛХϱϟϴ 2 ϫϴУјђЌȨϐϭУынб­̐Ż
њCrankshaft Circumferential Velocityϊ ̨ћЌÊϒϭУынбǶĒƉЌǸáϟϧњ± ΚΔΚΔΝ ϴ
bћϋрёЭЛХ!ϖϴЛѐіЛУынбУјђϵ ̨ 15 m/s$ϮУынбǶĒƉЌÍϖϘ/
ϝϣЈwƧϕϏЇϊȼƻϯϡЈ ̨ 30 Ѧ/sϮ 20 !ϴǶĒ/ǴwƧϕĨІЉЈϜϯϕЋϔϪϧϋ 
± ΚρΚρΜϴДіФі ΢ρџϴрёЭЛХ!ϖ/ёЭпʼ́ϴ VMQУјђњ42 NћЌϊΊ ̨Ȩ
ЛѐіЛУынбУјђȨϯϟϭ̹áϟϧϋϜϴΊ ̨ȨЛѐіЛУынбУјђϲϫϐϭϊ
ДіФі˩ΉϮ ̨ 30 m/s ϴơ&Ϯ 500 ƍ͖ϴƵ˧ЌˆϪϧĦϲϊĖˣƿƱЌȨϐϧÕĞ
ĵɍ˭ЌˆϪϧϋΐ

± ΚΔΚΔΜ ΐДіФі˩ΉЌȨϐϧ ΚΗa͖ϴЛѐіЛУынбУјђϴёЭпǶĒƉ
ϴǸáʅƧњ ̨Ѣ1420 m/sϊǜǶѢ80 πћΐ
!"#
!"$
!"% 
 

áæâàõúøĄüĀÿàêŤöñó ľţŞğħĪīťëŤ%8ğħĪīťĠq¸à
VMQУјђϴȂЉƋϐGњSection 6, Leaking Tendency in VMQ SealћϯϵϊVMQУј
ђϕǜϴЫХбϱϰϲЅЇFϽϧϵbЉЌȦϠƋϘΊǶϮϴkĵϕ/ϐ¨ͺЌɏϡϋϜϴϧ
ЀϊΊ ̨ЛѐіЛУынбУјђϴ@ˏƟžϯϟϭ FKM ЁƵ˟ϟϧϕϊVMQ ϴ-60 !ϽϮ
ʥϱУјђĵʥϲǑϺϭ FKMϵ-20 !$ϮУјђĵЌÑϑϧЀšȨϮϖϱϔϪϧϋ 
Ȏzȗϴ¾ɝϲЅЈȂЉњSection 7, Leak by Carbon DepositћϲϫϐϭϵϊДіФіǜϴ¤
̃ϯЛѐіЛУынбУјђёЭпʼ́ϱІϷϲрёЭЛХϯϴ͗:ЌŌũϡЈϧЀϲДіФ
і˩ΉЌâƃϟϧʅƧЌ± ΚΔΚΔΞ ϲɏϡϋ7˩ϟϧ 3 ɚͽϴЛѐіЛУынбУјђϵϊΊёЭ
пʼ́ϯ/ёЭпʼ́ϴЛѐіЛУынбУјђ Seal A ϯ Seal Cϊϥϟϭ/ёЭпʼ́ёЭпϲр
ёЭЛХЌ!ϚϧЛѐіЛУынбУјђ Seal DϮϏЈϋ7˩ϟϧ 3ɚͽϴДіФіǜϵɻǅДі
ФіǜњOil-1ћϊΚΕΘɮϲj̟ϟϧɲ³ϴ/¤̃ДіФіǜњOil-2ћ ϱІϷϲ̒˼ʼȨДіФі
ǜњOil-3ћϮϏЈϋΊёЭпʼ́ VMQ Sealњ85 Nћϵϊ̒˼ʼȨϴ Oil-3 ЌȨϐЈϯɅƍ͖ϮȎ
zȗϴ!ɁĒϐњLip Coking Ratingћϕ 4 ϲ̲ϟϭЖБђȂЉњoil-leakageћϕȦϠЈϋOil-1
ϯ Oil-2 ЌȨϐЈϯȂЉϕȳȦϡЈϽϮ͖͟ϵɹ 2 ?ϴ 800 ƍ͖ϲϱЈϋ/ёЭпʼ́ VMQ 
Seal Cњ50 Nћϵϊ̒˼ʼȨϴ Oil-3ϮЁȂЉϵȳȦϟϱϐϕёЭпϴȎzȗϵ!ɁϡЈϋрёЭ
ЛХ!ϖ/ʼ́ϴ VMQ Seal Dњ50 Nћϵ Oil-3ϮЁȎzȗϕ!ɁϟϱϐϋрёЭЛХϵj̟ϴЏ
ЛЯАлЯА±ϔІЁʞϒІЉϧЅϑϲёЭпϴȆȀǜʩЌϘϡЈϧЀ[93][95][99]ϊȎzȗϴ
!Ɂϕ͙ϕЉЈϋёЭпʼ́ЌϛϭЁȎzȗ!ɁϵōgϝЉЈϜϯϕƊІϔϲϱϪϧϋȎz
ȗ!ɁϲíϟϭɻǅДіФіǜ Oil-1 ϯɲ³ДіФіǜ Oil-2 ϯϴĄϵϱϐϜϯϕЋϔЇϊ$͚
ϴ˩ΉϮϵ Oil-1ЌȨϐЈϋ̒˼ʼȨДіФіǜ Oil-3ϵĆÀϮϵ5ȨϝЉϱϐϋ 
Ί ̨ϲϓϐϭϴЛѐіЛУынбУјђϴȂЉщЗдЦшϵϊƖcϲёЭпϕǜʩbЉЌȦ
βΒ! ёЭпʼ́ϯУынбǶĒƉΐ ΐ ΐ ΐ ΐ ΐ ΐ γΒΐрёЭЛХϴƗȐϯУынбǶĒƉΐ
± ΚΔΚΔΝ ΐ ЖБђУјђ˩ΉƿЌȨϐϧёЭпʼ́ϯрёЭЛХϴwƧϴǸáʅƧΐ
њǜǶѢ80 πϊДіФіǜѢOiѥ-1ћΐ
 

ϠϊϜϴϧЀϲДіФіǜϴȎzȗϕ¾ɝϟϊϜϴȎzȗ̓ϕá̓$ϲ¾ɝϡЈϯУјђ
ϔІϴ EOȂЉϕȦϠЈϯţáϝЉЈϋȎzȗȦŁϴ͝ϵɻǅДіФіǜϲЁϏЈϕϊДіФ
іǜϕWEϡϺϖ¤̃ϵÌϘϊЛѐіЛУынбУјђϴϧЀϲŵʴϡЈ3·ϵϱϐϋЛѐіЛ
УынбУјђϕϊƻǽȶϱДіФіǜϴ¤̃ϴ͛ȬЌ̈ϒϭ5ȨϝЉЈ͝ПіЯЙХбϯϱ
ϪϧϜϯϕȂЉŹ͢ϴ®ϮϏЈϋΐ
ΐ
çãçãèàïîô ğ}ĘĖŇśĮŞŝŅőľţŞĠīĠFà
áåâàõúøĄüĀÿàåŤľŚŏňSċ?ČĈđĝğħĪīťçŤßĈŝŅő¯ÐğħĪīťĥĜĠq¸à
j̟ϴ± ΚΔΚΔΛ ϲǞϪϭíıЌ[ʞϡЈϋУынбȽĤϕÍϖϐ¨ͺϹϴíɪϵϊУіМђ
ёЭпϲϡЈϜϯϮçƋϲ˛ǙϮϖЈϕϊĘ̂ˍʛDϴŵʴϕİ˓ϯϱЇ͕ȳЌ̬ІϣЈϜϯϲ
ϱЈϋůxϲЅЈȳȔϕÍϖϐϜϯњSection 2, Leak by High Friction Heatћϲíϟϭϵϊj̟ϴ
ϯϓЇ/ŮŲ:ŻϴРшƟžϵâȨϝЉϭϐϱϐϋУјђёЭпϴʼ́ϕÍϖϐϜϯњSection 3, 
Leak by High Radial LoadћϲϫϐϭϵΊ ̨ЛѐіЛУынбУјђϴ͕ȳϮĨІЉϧɃ˔Ќ
OϲаэЏђёЭпУјђϴ/ёЭпʼ́zЌ±ЈЅϑϲϟϧϋаэЏђёЭпУјђϴƖÍϴ
˲ͺϵёЭп͖ϲȦϢЈ˼µњNegative Pressure between LipsћϲЅЇϊёЭпϕÊğϟϭУынб
ϲϐ!ϘϜϯϮϏЈϋ 
áæâàõúøĄüĀÿàèŤÃ6ğħĪīťğFĔĪŇśĮŞŝŅőľţŞĠ^Ī¬ĈĠ¹ÇĝœšňńśţŐČà
± ΚΔΚΔΞΐ ΐɚͽϴЛѐіЛУынбУјђϲϫϐϭɚͽϴДіФіǜЌȨϐϧД
іФі˩ΉϴʅƧΐ
 

ŇśĮŞŝŅőľţŞĠÓà
± ΚΔΚΔΟ ϵаэЏђёЭпУјђϴёЭпϴŚЈʯϐЌˉϡЏЛЯАлЯА±ϮϏЈϋ½Ɲȶ
ϲϵаэЏђёЭпУјђϵϊÊˍˍʛњAutomatic TransmissionћϔІϴ TMǜϴȂЉЌ͙ϙё
ЭпњDual Sea LipћЌ̠sϟϧЁϴϮϏЈϋУјђёЭпњSeal LipћϯаэЏђёЭпњDual Lipћ
ϲЅЇДіФіDϯĘ̂ˍʛDϲɠǓϕ`ϭˆϘϧЀϊёЭпϴ͖њSpace between Sea Lipsћϕ
˼µϲϱϪϭУынбϲȻϴЅϑϲϐ!ϘњSack Shaftћȣ˺ϕȦϠЈϋϜϴǴµϵУынбC
ǄƍϱϰϲёЭпϯУынбϯϴ͖͠ϕɠϖϊ̪ʋϲɠǓϕSϪϭњair discreteћ˛ǭϡЈϯϐϑ
ßáϱțĽϮϏЈϋôĤϴаэЏђёЭпУјђϮϵёЭпkĵЌϛЈϜϯϮϊȻțϲϱ
ЈϴЌ͙ϙƂǠϕʱȶϮϏЈϋʿʟІϵДіФіDЅЇЁǜͯϕ/ϐĘ̂ˍʛDϴёЭпϲ
ÚЌ͕Ϛϭ˼µЌϱϘϡƂǠЌƵ˟ϟϧϋÍºЛѐіЛУынбУјђϮϵj̟ϴɓǕ[96]ϴЅ
ϑϲДіФіоєЭЛϯаэЏђёЭпУјђƂϲÚЌ͕ϚϭёЭп͖ϴ˼µЌŐϘƂǠЁϏЈ
ϕϊsĂϓЅϷʃϾɢϭϴĂŻϕÇϒЈϜϯϯϊĖˣƿƱϮϵË̻ϔІȽŢЫХбϕSЈŀĲ
ϕϏЇšȨϵϮϖϱϐϋΐ
± ΚΔΚΔΠ ϲʿʟІϕ͕ȳϟϧºДіФіȨϴаэЏђёЭпУјђњËĤ 180 mmϊċ 25 
mmћϴƼĘ±ЌɏϡϋёЭпϲÚЌ͕ϚЈϨϚϮϵ TM ǜϕёЭп͖ϲǨЉ̙ϿϜϯϕʞϒІ
ЉϧϴϮϊёЭп͖ϲУёПјіРшЬэјоњSilicone Rubber Ventilating Tubeϊ$сібЬэ
јоћЌ!ϚϧаэЏђёЭпУјђЌ͕ȳϟϧ [100]ϋёЭп͖ϲ˼µϕȳȦϡЈɫń
(Negative Pressure Generating Place)ϲсібЬэјоЌ!ϚϊʫxĘ̂ƿDϴɠǓϕϐ̙
ϽЉϭ˼µϴȳȦЌ͙ϙϋʫxĘ̂ƿDϴ TMǜϵУынбϴ­̐њShaft Rotation Directionћ
ϲ,Ϫϭ̴įqϯͿµϲЅЇаэЏђёЭпУјђϴНјХZ ϲǞϪϭǨЉЈϧЀϊЖБђУ
± ΚΔΚΔΟΐаэЏђёЭпУјђϴёЭпϴŚЈʯϐЌˉϡЏЛЯАлЯА±ΐ
 
	
јђ˩ΉƿЌ5Ϫϭǜϴϐ̙ϾϕϱϐсібЬэјоϴ.ʛЌǙáϟϭϐЈϋϜЉϲϵǜ
ͯΊϝϕˣ˞½ǽAњStandard Oil Surface Levelћ$ϮϏЈϜϯϕjŦϮϏЈϋΐ
± ΚΔΚΔΘΗ ϵħƢϴаэЏђёЭпУјђϯсібЬэјо!ϖаэЏђёЭпУјђϴЖБ
ђУјђ˩ΉƿϲЅЈ˩ΉʅƧϮϏЈϋДіФіǜϵ Oil-1 ϮϏЈϋôĤϴаэЏђёЭпУј
± ΚΔΚΔΘΗΐ ΐсібЬэјо!ϖаэЏђёЭпУјђϯħƢ¤ϴЖБђУјђ˩ΉƿϲЅ
ЈʅƧњДіФіǜѢOil-1ϊTMǜѢɻǅ TMǜћΐ ΐ
± ΚΔΚΔΠ ΐ͕ȳϟϧсібЬэјо!ϖаэЏђёЭпУјђΐ
 


ђњShaft size AћϲϓϐϭϵϊǜǶ 80 !ϊ ̨ 18 m/sϮЁΊёЭпʼ́ϴУјђ VMQ-D1њ68 
Nћϯ/ёЭпʼ́ϴУјђ VMQ-D2њ53 NћϵϊϐϢЉЁЖБђȂЉϕȦϠȎzȗ!ɁњOil 
leakage, CokingћЁȦϠϭϐϧϋсібЬэјо!ϚϧУјђ VMQ-D3њ59 NћϮϵ 500ƍ͖Ж
БђȂЉϵϱϘсібЬэјоϴwƧϕ˭ЀІЉϧϋΐ
ÍĤϴаэЏђёЭпУјђњShaft size BћϮϵ/ ̨˩Ήњ16 m/sϊ80 πћϯΊ­̐їΊǶ
˩Ήњ22 m/sϊ120 πћϴ˩ΉЌˆϪϧϋ/ ̨˩ΉϮЁ/ёЭпʼ́ϴУјђ VMQ-D4њ42 Nћ
ϕȎzȗ!ɁЌȦϠϧϕȂЉϵњCokingћȦϠϭϐϱϐϋ/ёЭпʼ́ϴУјђ VMQ-Dѡϵё
Эпkĵϕ/ϐˣ˞ϮϏЇϊ˼µϲЅЇёЭпϕçƋϲ˼µϮÊğϟϧțĽϲϱϪϧϴϕȎz
ȗ!Ɂϴ®ϮϏЈϋÍĤϴаэЏђёЭпУјђϴ/ ̨˩Ήњ16 m/sћϮϵёЭпkĵϕΊ
ϐнЭɿРшϴУјђ FKM-D5њ58 Nћϵ¨ͺЌȦϠϱϐϕϊΊ ̨їΊǶ˩Ήњ22 m/sϊ
120 πћϮϵȎzȗ!ɁϯРшϴʪЉϲЅЈȂЉњOil leakage, Coking and BlisterћϕȦϠϧϋϜ
ϴơ&ϮЁсібЬэјо!ϖ/ёЭпʼ́Ујђ VMQ-D6њ45 NћϵЖБђȂЉЌȦϠϱϔ
Ϫϧϋ 
ϜϴсібЬэјо!ϖаэЏђёЭпУјђњVMQ-D6ћЌºДіФіȨϯϟϭ̹áϟϊ
ДіФі˩ΉϲЅЇʠĵϴƵ˧ЌˆϪϧϋϥϴĦϊĖˣƿƱϲсібЬэјо!ϖаэЏ
ђёЭпУјђЌˍɁϟϧºДіФіЌū̔ϟϭĆÀ˩ΉϲЅЈÕĞĵɍ˭ЌˆϪϧϋΐ
áçâàõúøĄüĀÿàéŤŒŝŅķŀĞĒğħĪīťêŤöñó ľţŞğħĪīťĠq¸à
рёЭЛХϯ VMQ Ујђϴ/kĵϴ¨ͺњLowering Stiffness of VMQћϲϫϐϭϵϊођв
јТϯǜµУясђЌȨϐϧĆÀϲϓϚЈÕĞĵɍ˭ϮƵ˟ϡϺϖʹϯϱϪϧϋођвјТ
ϕGſ·Ϯϴ4ƶϲϊˡϴсібЬэјо!ϖаэЏђёЭпУјђϔІ TM ǜϴДіФ
іDϹϴɖxϊϡϱЋϩЖБђȂЉЌȳȦϟϧϋбђЛПіијЪϴjĦϴGſϕá˚ĒЌ
̉ϒЈϯǜͯϕĴϲΊϘϱЇϊǜͯϕЛѐіЛУынб̑ϴįϽϮϲϱЈϜϯϕЋϔϪϧϋϥϜ
ϮϊДіФіЌjĦϲGϚЈДіФі˩ΉЌ± ΚΔΚΔΘΘ ϴЅϑϲâƃϟϧϋϜϴ˩Ήˍ
ʛϮϵʫxĘ̂ƿЌˍɁϡЈ#ЋЇϲŢʋ̻ϴбђЛПіијЪњTorque ConvertorћЌ!Ϛϭ
˩ΉЌˆϪϭϐЈϋ˩ΉʅƧЌ± ΚΔΚΔΘΙ ϲɏϡϋДіФіϴGſ˚ĒњEngine AngleћϕǔČ
ϔІ 10 ºΐ ϽϮϵЖБђɖxњoil-transferϊȂЉћϵϱϔϪϧϕϊ20 ν$ϴGſ˚ĒϮϵ 1 ƍ
͖ϲ 3334 mlϴЖБђɖxϕϏЇϊођвјТϮϴЖБђȂЉŹ͢Ќ[ȣϮϖϧϋϥϜϮϊс
ібЬэјо!ϖаэЏђёЭпУјђϴДіФіDёЭпϲрёЭЛХњHelixћЌ!Ϛϧ˩4¤
ЌϊGſ˚ 30º ϮДіФі˩ΉϡЈϯЖБђɖxϵШєϲϱϪϧϋϟϔϟϊeϲˆϱϪϧЖБђ
Ујђ˩ΉƿЌȨϐϧ 3 ­ϴƵ˧˩ΉϮϊǏ­ǜϴЫХбϕсібЬэјоϲ˪ϽϪϧϋс
ібЬэјоϴ˪ϽЇϮȳȦϟϧ˼µϲЅЇёЭпϕȻϴЅϑϲÊğϟϭϐЈϜϯЁɍ˭ϝЉϧϋ
ϜЉϵрёЭЛХϴĜϐхіпqњʿʟІϴâǸϲЅЉ϶рёЭЛХϴϱϐёЭпϴ 10?ћϲЅЇΐ
 

ΐ
± ΚΔΚΔΘΙΐ ΐGſДіФі˩ΉϲϓϚЈсібЬэјо!ϖаэЏђёЭпУјђϴЖ
БђɖxњȂЉћ̓ϴǸáʅƧΐ
± ΚΔΚΔΘΘ ΐGſДіФі˩Ήΐ
 
)
ЖБђϯƍϲЫХбЌϐ̙ϿϧЀϮϏЇâȨzϮϖϱϐϜϯЌ˔ϐ`ϟϧϋǂϲнѐБуБ
јђНјХϴËϽϮсібЬэјоњInducing outside airћЌĕ͒ϟϭGſ˚ 30 νϮДіФі˩
ΉϡЈϯЖБђɖxϵϱϘϱЈϕϊsĂϯʃϾɢϭϕͧϟϘâȨzϮϖϱϐϋёЭп͒ϝњl1!l2ћ
ЌɅϘϟϭёЭпϝњt1!t2ћЌÇЂϟϭkĵЌϛϧёЭпњStiff lipћϲсібЬэјоЌ!Ϛ
ϧаэЏђёЭпУјђϵGſ˚ 30º ϮЁЖБђɖxϵȦϠϱϐϧЀϊϜЉЌƖʂː¤ϴ@ˏ
ϯϟϧϋ 
Ϝϴ̪ϴâΉϔІϊаэЏђёЭпУјђϮϵрёЭЛХϵЖБђȂЉЌȦϠЈ͝ПіЯ
ЙХбϕϮϖЈϜϯϊVMQУјђϴkĵ̊ϲЅЇЖБђȂЉϴ͝ПіЯЙХбϕȦϠЈϜϯЌ
˔ϐ`ϟϧϋDAR ЌȨϐϧƵ˟ϕϮϖϭϐЉ϶ϊÕĞĵɍ˭ϴjϲȂЉŹ͢Ќ͙ϙϜϯϕϮ
ϖϧϯʞϒІЉЈϋёЭпϴkĵЌϛϭíɪϟϧаэЏђёЭпУјђϵϊ[ĒођвјТЌ
5ϪϧÕĞĵɍ˭ЌˆϪϭâȨzϟϧϋΐ
áèâàõúøĄüĀÿàëŤŝŅőĢĠ%ğħĪīťğFĔĪº·Fà
ДіФіǜϴȎzȗ!Ɂϵϊj̟ϴЅϑϲ 40 !$ϴУынбǶĒƉϮȦϠЈϧЀϲϊϜ
ЉϕǜʩbЉϲЅЈϯţáϝЉЈϋϥϜϮϊʿʟϵϡϺЇ̑ϴǜʩbЉϮϏЈȒ!ϖ͛ȬЌ
ˉϡ PVA[10]ЌȨϐϭϊЛѐіЛУынбУјђϴёЭпϴ͛Ȭ˼ʼϴ˞ɬЌ˩ϾϧϋΊ̨Лѐ
іЛУынбУјђϯаэЏђёЭпУјђЌЀϭϊЛѐіЛУынбУјђϴёЭпǶĒƉЌ
ĘњΚΔΘћϴЅϑϲˉϡϜϯϕϮϖЈϋΐ
ΐ ΐ ΐ ΐ ΐ "# $ %&% ' ()*+% , %-*.% , /*01 ' %234ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΑΚΔΘΒΐ
ϜϜϮ"#ϵёЭпǶĒƉњπћϊ&ϵŮŲ:Żϊ*+ϵcƙϴ. ͒ϝĞϧЇϴёЭпʼ́
њN/mћϊ*.ϵ˼µњN/m2ћϊ*0ϵЛѐіЛНјХZϴµqњоєјиБИХµϊN/m2ћϊ2ϵУы
нбËĤ ̨њm/sћϊ4ϵёЭпůxċњmћϮϏЈϋ" ϵёЭпϴʼ́;Řϴ:Żϊ# ϯ $ ϵёЭп
ğțϲ͗ϡЈ:ŻϮϏЈϋЫХбёЭп!ϖϴЛѐіЛУынбУјђϮЫХбёЭпϯУынбϲ͠
͖ϕϱϐÀϴ*.ϵ 8 kN/m2ϯϟϊаэЏђёЭпϮϵ 20 kN/m2ΐ ϯϡЈϋϧϨϟϊƝ˵ŽϮϵ
ŮŲ:Ż&ϴǸáϵϮϖϱϔϪϧϧЀϯ%áϟϧϕϊĖˣƿƱщјЗϴQˆɈɟϮϵ0.20
jĦϮϏЈϋϽϧϊрёЭЛХϴwƧϲϫϐϭϵϜϴĘϲʃϾ̙Ѐϭϐϱϐϋΐ
ϜϴĘϴʞϒϲ½Ϭϐϭ± ΚΔΚΔΘΚ ϲϊVMQ ϯ FKM ϴЛѐіЛУынбУјђњSingle-lipϊ
φϽϧϵψћϯаэЏђёЭпУјђњDual-lipϊτϽϧϵσћϴƺόϱДіФіϲЅЈ˩Ή
ʅƧЌPVʒ±ϯϟϭϽϯЀЈϋ±ϴʏёЭпʼ́њTotal radial loadϊPћϵ)*+% , %-*.% , /*0
ϮϏЈϋЛѐіЛУынбУјђϴȂЉϕȦϠЈ͛Ȭ PVAϵɹ 3,000ϲϱЇϊϜЉЌ̉ϒЈϯЛѐ
іЛУынбУјђϊаэЏђёЭпУјђЂРшƟ̃њVMQ ϯ FKMћϴ̳ϐЁϱϘЖБђȂЉ
ϕȦϠЈϋϜϴϜϯϔІЛѐіЛУынбУјђϴ5Ȩơ&ϴ͛ȬϵϊДіФіǜϴǜʩbЉϲЅ
ЈϯţáϡЈƭŖϲϱЈϋħƢϊаэЏђёЭпУјђϲȳȦϡЈ˼µϲíϟϭϵёЭпkĵϴ
ÇsϲЅЇíıϟϭϐϧϕϊºДіФіϴ 20 m/s Ќ̉ϒЈ ̨ϲíϟϭϵ˼µЌŐϘϜϯϮ
 

ʏёЭпʼ́Ќ/ǴϡЈϜϯϕİ˓ϮϏЈϜϯϕЋϔЈϋÍºЛѐіЛУынбУјђϮϵ˩4ϡ
ЈϴϲПХбϕŠϔЈϕϊPV AϲЅЈ͛Ȭɬ`ϲЅϪϭˣ˞ƍȏϮЛѐіЛУынбУјђϯа
эЏђёЭпУјђƂϴȎzȗ!ɁϲЅЈȂЉЌ͙ǄϮϖЈϋΐ
à
çãçãéàķŜšķľŚŏňľţŞĠK9ÆğħĪAPV¾à
ÍºДіФіȨϲŵʴϟϧΊ ̨ЛѐіЛУынбУјђϯϊсібЬэјо!ϖаэЏђёЭ
пУјђϵâȨzĦϲϊĆÀϮ̮̐ϝЉϧĖˣƿƱДіФіϔІ­ϟϭЛѐіЛУынбУ
јђϴțĽϯёЭпŮʡ̓ЌǸáϟϧњ± ΚΔΚΔΘΛћϋΊ ̨ЛѐіЛУынбУјђϲϫϐϭϵϊ
­ϟϧ 10 aϲϫϐϭϵЖБђȂЉϏЈϐϵȎzȗϴ!ɁϵϱϘϊёЭпϴŮʡ̓ϴţɖ
ϔІȼƻϯϟϧ 10,000ƍ͖$ϴî¢Ќ̉ϒЈϯɍ˭Ϯϖϧϋΐ
ºДіФіȨϴаэЏђёЭпУјђϲϫϐϭϵϊħƢϴаэЏђёЭпУјђϕ 1,000
ƍ͖$ZϮёЭпŮʡϴ͛Ȭϲ̲ϟϧϴϲíϟϭϊ­ϟϧ 4 aϴсібЬэјо!ϖаэ
ЏђёЭпУјђϵДіФіǜDёЭпЁʫxĘ̂ƿDёЭпњClutch-side lipћЁŮʡ̓ϴÇs
ϵõϱϘ 10,000ƍ͖$ϴî¢ϴʥĵϕɍ˭Ϯϖϧϋΐ
± ΚΔΚΔΘΚΐ ΐɚόϴЛѐіЛУынбУјђϴДіФі˩ΉʅƧϴ PVʒ±ϲЅЈżȤΐ
њУјђƟ̃ϵ FKMЌ͜ϐϭϵTϭ VMQϮϏЈϊ7˩ДіФіǜѢOil-1ћΐ ΐ
 
ΐ
ΐ çãçãêà ĥĝĦà
ƝɮϮϵϊΙ ɚͽϴЛѐіЛУынбУјђϴȂЉϴ®ϲϫϐϭ˛ƥϟϭíɪЌˆϱϪϧϋ
ϐϢЉϴЖБђУјђϴȂЉЁϊДіФіǜϴёЭпQɥϴǜʩbЉϲЅЇȦϠЈȎzȗϴ¾
ɝϕ®ϮϏЈϜϯϕЋϔϪϧϋΊ ̨ЛѐіЛУынбУјђϲϫϐϭϵёЭпʼ́ϴ/Ǵϯ
рёЭЛХ̠sϲЅЇíɪϟϊаэЏђёЭпУјђϲϫϐϭϵ˼µЌ͙ϙсібЬэјоЌ͕
ȳϟϭíɪϕϮϖϧϋϝІϲϊɅƍ͖ϴДіФі˩ΉϮϴёЭпǶĒǸáϲЅЇϊЛѐіЛУ
ынбУјђϴʠĵЌ˨8ϡЈŅǠЌ͕ȳϟϧϋϽϧϊPV AЌȨϐϧЛѐіЛУынбУјђ
ϴˣ˞ŅǠЌ͕ȳϟϧϋΐ
УХЯшЦДФдЏёіМϴЏпєјЬЌȨϐϭ[ʞϟϧʅƧЌϽϯЀЈϯǂϴϯϓЇϮϏЈϋΐ
Θћΐ 
ЛѐіЛУынбУјђϴёЭпϴ4ȨϵϊSysML ϴЏЛЯАлЯА±ЌȨϐϭ˖zϮϖΐ ΐ ΐ ΐ
ϧϋϜЉϲЅЇϊΊ ̨ЛѐіЛУынбУјђϴрёЭЛХϴwƧЌƊɍϲŌũϡЈϜϯϲЅ
ЇϊрёЭЛХϴĜϝњ̣еФϴ˚ĒћЌ˳żϟϭЅЇwƧϴΊϐíɪЁƵ˟ϮϖЈϯʞϒІЉ
ЈϋаэЏђёЭпУјђϲϫϐϭϵϊёЭп͖ϲȦϢЈ˼µϴщЗдЦшЌƊɍϲɏϡϜϯ
ϕϮϖϧϋϜϴɃ˔ЌVƗϡЈϜϯϮϊЖБђУјђщјЗϯϴ~qϲЅЇсібЬэјо͕
ȳЌɅƙ͖ϮˆϒϧЁϴϯʞϒІЉЈϋΐ
џћΐ DAR ЌȨϐЈϜϯϮΊ ̨ȨϯаэЏђёЭпȨϴ
ƂϴЛѐіЛУынбУјђϴȂЉщ
ЗдЦшЌ˛ƥϮϖϧϋΐ
± ΚΔΚΔΘΛ ΐĆÀɛHϴĖˣƿƱДіФіϔІ­ϟϧΊ ̨ЛѐіЛУынбУјђϯΐ
сібЬэјо!ϖаэЏђёЭпУјђϴÕĞĵɍ˭ΐ
 
Ѡћΐ Ϝϴ DAR ϔІϵϊΊ ̨ЛѐіЛУынбУјђϴЫХбёЭпϴƍȶϱ˼µȳȦϊƖ̶
ϱƟ̃ϴƵ˟ϕŐϚϭϐϧϜϯϕЋϔϪϧϋаэЏђёЭпУјђϮϵϊDAR ϲЅЈƵ˟
Ǎ͞ϮрёЭЛХϯёЭпkĵϲϫϐϭϴƵ˧ϴİ˓ĵϕЋϔЈϧЀϊĖˣƿƱЌ5Ϫϧ
ÕĞĵɍ˭ϮȦϠϧ TMǜȂЉϴ¨ͺϵjϲ͙ϙϜϯϕϮϖϧЁϴϯʞϒІЉЈϋΐ
ΐ

 
Ũà ¶V$|ğħĪ|6ľŀņŗĠcØĠ¶kĝFΐ
̜čϴĖˣƿƱϮϵ4xǜϕǛĀϱϰϲǨ`ϟϭȥÆǗƪЌęϖ̇ϜϡϜϯϕǃāϮÍϖ
ϱ¨ͺϯϱϪϭϐЈϋϥϴϧЀϊǃāϮϵʫȑȬϴĬȦȗϲЅЇɅƙ͖ϲa˛ϟϭȎ̀ИХϯ
ǔϲϱЈȦa˛ĵ4xǜњ$иБЖǜћϴ5Ȩϕϊ1990 č#ЅЇȥÆĞöϴˆŸřóϲЅЇ
ʝy!ϚІЉϭϐЈϋΙ ɣϮЁ̟ϺϧЅϑϲиБЖǜϵȆȀǜϯϟϭŘϫϺϖÌϘϴ¤̃ϕ/Ϙϊ
иБЖǜϕ̇®ϯϱЈŹ͢ϕȳȦϟÖЀϭϐϧϋΐ
ϜϴЅϑϱ̰ϲ6ϴϱϐ˕gϲíıϡЈϧЀϲʿʟϵϊʫȑȥÆЌÞЈϧЀϴиБЖǜ
ϴ5ȨʝyzϲíıϡЈϜϯЌĖˣƿƱщјЗϴƂͅϯϡЈŦưЌˆϐϊTɐȶϱпєФГЛ
бЬјшЌɢϩϛϭиБЖǜϲ̶ϡЈǜµУХЯшϴ͕ȳЌˆϪϧϋϜϴʅƧϊ}čĦϲ
ɅƙíɪϯϟϭиБЖǜϴ5ȨцдэЏђЌ4Łϟϭ̼ćϟϊáϰϓЇ 5 č$Zϲ͒ƙíɪ
ϯϟϭǜµУХЯшЌƹŁϡЈÌϘϴПіхјеібЌŵʴϟϭƁϟϐĖˣƿƱϲū̔ϡЈϜϯ
ϕϮϖϧϋϟϔϟϊ̪ϴíɪĦЁиБЖǜϲЅЈǜµиђоϴ4xʴϴ¨ͺϕ̇ϖϭϐϧϋΐ
ƝɮϮϵϊУХЯшЦДіФдЏёіМЏпєјЬϲ½Ϭϖ SysML ЌȨϐϭǜµУХЯшϴ
½ƝщЗдЦшЌˡ̟ϟϧϮϊиБЖǜЌ̇®ϯϡЈ4xʴϲʭЈщЗдЦшЌ˛ƊϟϊϜ
ϴ˛ƥϲЅЇ4xʴЌȦϠϝϣϱϐϧЀϴíɪЌóϖ`ϟϭϐЈϋǂϲ SysML ϴßTϲș
zϟϧŗěпєнАђϮϏЈ SafeML ЌȨϐϭϊ4xʴϴПіЯЙХϓЅϷϥϴ͙ĩϲϫϐ
ϭˡ̟ϟϊƖЁwƧȶϱíɪЌ̹áϮϖϧϜϯЌ̟ϺЈϋϜϴZçϵÜˇˬ Synthesiologyϴ˵
ŽϯϟϭŤ̔[63]ϝЉϭϐЈϋƂ 1990 č#ϲâƃϟϧɈɟ͕ȳϴZçϵϊSAE Ϯ˵Žȳˉ
ϟÜˇˬ[64]-[66]ϲŤ̔ϝЉϭϐЈϋΐ
à
èãåàvIōİĳ|´ ğFĔĪZĠt¡à
áåâàvIĠ<´ PHĠW4ĝōİĳ|ĠNºupĢĠRÙà
ĖˣƿƱϮϵ4ƶʟϕǜµУХЯшϴ4xǜϴŨЌ4ƶȣÀϮˆϑ͡ϊϏЈϐϵ4ƶ
ϲујХЌýϱϰϲĞϭϭɊŪϝϣϭΊµϴЖБђЌ΀źϝϣϧ͡ϲϊ °ϲЖБђϕǨ`ϟ
ϭȥÆǗƪЌęϖ̇ϜϡϜϯϕ¨ͺϯϱЈϋW1ȶϲϵ΂žǔϹϴǜʩǗƪϊ΋ϴǊϏЈϐ
ϵƳƦϯȭϴƴȗϴƨЉϱϰϮϏЈϋϥϴϧЀϊ1990 č#ϲSЇϊвБЮϊХБХϱІϷϲЖј
ХбёЏϮĖˣƿƱϲíϟϭʫȑȬϴĬȦȗϲЅЇɅƙ͖ϲa˛ϟϭȎ̀ИХϯǔϲϱЈĵ̃
ЌЁϫиБЖǜϴ5Ȩϕʝy!ϚІЉϧ[101]ϋϜЉϵвБЮϴǔɭȤǠ[102]ϱϰϲ½ϬϘ·
ƂŸđϴˆŸřó[103]ϲЅЈЁϴϮϏЈϋĖˣƿƱϲíϡЈиБЖǜʝyzϵϊȣ¶ϵĎϘ
ǃāT¼ϲĠͲЌϒϭȥÆ;˹·¼ϲƎϟ[101]ϊ2002 čϲϵиБЖǜϴ¤̃˕Ʈϕ
ISO˕ƮϯϱϪϭϐЈ[104]ϋϽϧϊƆƝϴДПцјЛϲȾĞϡЈ2011čϴEUДПѐсђϮϵϊ
иБЖǜϲíϟϭ 40ʹȼ$ϴȥÆǐĵ˩ΉϲƮϟϧː¤ϴϾЌ˭˧ϟϭϐЈ[105]ϋ 
иБЖǜϲϵʽɚǜњМёЧёіϴʦʢ̀ДХЯђћϽϧϵŁхёЖјђДХЯђњ$
 
ŁДХЯђћϱϰϴŁaњ$½ǜћϕ5ЋЉЈϕϊϜЉІϴ½ǜϵĬȦȗϲЅЈ̾ɿı
Ϯa˛ϝЉϊϥϴĬȦȗϴƬ΄ɿњȦ1ƹŁŁaћϯϟϭЇ̙ϽЉЈњ̂zϯ˝ЋЉЈћ[106]ϋ
ʽɚǜϯ΃£ʦʢ̀ЌϿŁДХЯђϵϊ́ʅЌϿϧЀϲ̀zßáĵϕ/ϐϋ
̀zßáĵϕΊϐ΃£ʦʢ̀ϴŁДХЯђЌ½ǜϲȨϐϧĆ˽иБЖǜϮϏϪϭЁϊɆǜ
ɸ4xǜϲǑϺϭ̀zßáĵϵtЈϋϱϤϱІ϶ϟϐȥÆ˕gϲЅЇǱsm[101]ϴ̼
ϲÍϖϱgɹϕϏЈϧЀϮϊɆǜɸ4xǜϲ5ȨϝЉЈкіЫјвнГжјђϓЅϷʶ΅ƅЏч
іϴ̀z͙Ǆmϴ̼ϴ̓ϲgɹϕϏЇϊƖЁwƧϴΊϐФЏђЙђФЬЖёі̀͇њ$
ZDTPћ̀z͙ǄїȒ!ϖ͙ǄmϵǔĵȥÆƗåĵ[107]ϴ˙ȏϔІ̼ϮϖϱϐϋϡϱЋϩ
Ɇǜɸ4xǜϵЖБђǦЉϕϱϐϜϯϕjŦϮϏЈϕϊиБЖǜϵǛĀϱϰʫȑȥÆϲǦЉ
ЈϜϯЌjŦϲ͕ȳϝЉϭϐЈϋΐ
ŁДХЯђϴ½ǜϵϥϴɚͽϲЅϪϭϵϊµqϲЅЈɶĒÇsњ$ΊµɶĒ[108]ћϕ
Ɇǜɸ½ǜЅЇЁôϝϐ[109][110]ϋϥϴϧЀǜʩϕ˃ϘϱЇϊǜµхіпϯǜµъјЪϴ̑
щЪђϴȒ!ϖЌ̇ϜϡǁȏϕϏЈϋϜϴǜʩϴ˃ϝЌˏϑŮʡ͙Ǆmϴ̼ϲϵÍϖϱgɹ
ϕϏЈϋϜЉІϴȤȪϔІϊĦ̟ϴЅϑϲиБЖǜϵ̀zßáĵϕ/ϘtzϟƋϐϊǜʩϕ˃ϐ
ϱϰϴÌϘϴ¨ͺϕϏЈϋˑͥϱǜµУХЯшЌЁϫĖˣƿƱϲϊ2ϴíɪЁϣϢϲϜϴиБ
ЖǜЌšȨϡЈϯWϕȳȦϡЈϜϯϲϱЈϋΐ
áæâà ōİĳ|FUĠőŠĿıķňńţŗĝĕĠZà
ǃāϲϓϚЈиБЖǜϲ͗ϡЈĖˣƿƱϴ5ȨȥÆϯfå͗:ʟϴ͗:Ќ± ΛΔΘΐϴƼĘ
± ΛΔΘΐ ΐǃāϲϓϚЈĖˣƿƱϴ5ȨȥÆϯfå͗:ʟϴƼĘ±ΐ
њâʒѢȽŢϴ͗:ϊɊʒѢĹ¿ͤћ
Environment 
Protection Authority
Authority of 
Competition Law
Opera
tion 
Manua
l
for Bio
-Oil
Designers
(Pump, Valves, 
Cylinder, 
Machinery)
Bio-oil Supplier
Service
Fluid
Hydraulic 
Oil
Lubricants Engineer
Neighborhoods
Machinery 
Manufacturer
User
Parts Supplier
Factory
Purchase
Test
Environment Protection Area
 
±ϮɏϡϋǂɧϲϟϘϱЈȥÆ˕gĞöњEnvironment Protection AuthorityћϔІϴиБЖǜ
ϴ5Ȩ˓ǖϯ̜ͣ0ǒњNeighborhoodsћϔІϴµqЁsЋЇϊĖˣƿƱϴюјТњUserћϵС
јлХ¥њServiceћЌ̧ϠϭĖˣƿƱщјЗњMachinery ManufacturerћϲƈĴϱíıЌ̞Ϫϭ
ϐϧϋʿʟњLubricants EngineerћϵиБЖǜϴTɐпєФГЛбЌ§¤(ȫƵ˟*њΜΕΘ ɮϮĦ
̟ћϮŦưϟϭŉ˭ЌЁІϐϊпєФГЛбϴɢϩϛЌˆϪϧϋпєФГЛбЬјшϵʿʟϕё
јЫϯϱЇϊˣ˞̻͓њDesignersћϊ˩Ή̻͓њTestћϊСјлХ̻͓њServiceћϊĂÀ̻͓
њFactoryћϊ̄˿̻͓њPurchaseћϊǃāƝɐϴ˾'ʟϱІϷϲŔĞʟ̲Ќщіијϲsϒϭϊ
̻¤щјЗњParts Supplierћϴ~qЁĨϱϕІ˞ȫЌɢưϟϭţ̫ϟϧϋʿʟϕɢϭϧłȮϵϊ
Ʌƙíɪϯϟϭ}č$ZϲиБЖǜϴ5ȨцдэЏђ4ŁЌϟϭĖˣƿƱщјЗϯϟϭиБЖ
ǜϴ5ȨЌ;˧ϡЈϜϯϊ͒ƙíɪϯϟϭ 5 č$ZϲиБЖǜϲ̶ϡЈǜµУХЯшЌƁº
ϴĖˣƿƱϲū̔ϡЈϜϯϮϏЈϋϜϴłȮϲϵǃāϴɦщјЗϲíϟϭQŅЌņϪϭиБ
ЖǜϴTͯȶϱšȨЌ̫ЀϊĖˣƿƱщјЗϴǃāĆÀϮϴÛ¶ļЌΊЀЈȜϐЁϏЈϋ±
ΛΔΙ ϵиБЖǜϕǹǝϲȂЉϧƍϴȦa˛ϴțĽЌƼϟϧʿʟІϴ˩ΉʅƧϮϏЈϋиБЖ
ǜϵɅƙ͖Ϯʫȑϲa˛ϟϭǜʩњDisappearance of Oil-filmћϕϱϘϱЇϊĖˣƿƱϴ4xǜ
ϴȂǦϲЅЈȥÆǗƪЌ͙ϙϜϯϕЋϔЈϋΐ

èãæàvIōİĳ|Ġ1ÄĠÀmà
пєФГЛбЬјшʅŁϲQɢϪϭϊʿʟϵǃāϮĆ˽ϝЉϭϐЈиБЖǜ 20 ͊Ʃ$ϴ
± ΛΔΙΐ ΐиБЖǜϯɆǜɸ4xǜϴǔͯϮϴțĽÊz 
њǔ̱ǔϲ´ϊǔʻЌSЉϭ7˩ǜЌ 5 mmϝϲϟϭ÷ZʫȑRϮͭʛћΐ
 	
¤̃ϲϫϐϭĮĐȶϱ˳ƫЌˆϱϪϭϐϧϋϱ˳ƫʹȼϵ̀zßáĵϊǜʩĜĒњŮʡ͙
ǄĵћϊРшʪȆ͙Ǆĵϊ͙͌ĵϊ͉ͬϲíϡЈʨ΁͙ǄĵϊǺĘоѓјЙϴŮŲ:ŻϊɆǜ
ɸ4xǜϯϴǰßáĵϱϰϮϏЈϋϜϴ˩ΉʅƧϴ̻Ќ$ϲɏϡϋΐ
± ΛΔΚ ϵĆ˽ϴʽɚǜиБЖǜњRape Seed Bio-oil, VO-AћϊĆ˽ϴŁДХЯђиБЖǜ
њSynthetic Ester Bio-oil SE-AћϊɆǜɸ4xǜњPetroleum Hydraulic Oil, HO46ћϯĦ̟ϡЈ͕
ȳиБЖǜњdeveloped Bio-oil, S-7ћϴ̀zßáĒ˩Ή[111]ϴʅƧϮϏЈϋǜϴ̀zȦŁȗ
ϴ̓Ќɏϡ̀8њTANћϴʄƍȶÊzЌɏϡϋϜϴ˩Ήơ&ϮϵɆǜɸ4xǜ HO46 ϯ͕ȳ
иБЖǜ S-7ϵϻϯЍϰ̀zϟϱϐϴϮϊǜϴ TANϴÊzϵϱϐϋϜЉϲíϟϭʽɚǜиБ
Жǜ VO-AϵŻƍ͖Ϯ TANϕĴÇϟʿϟϘ̀zϡЈϜϯϕЋϔЈϋŁДХЯђиБЖǜ SE-
A ϵ VO-A ЅЇϵ̀zϟϲϘϐϕϊ150 ƍ͖$͚ϲ TAN ϕÇϒϭ̀zϟÖЀЈϋâ͡ϲǃā
ĆÀϮϵʽɚǜиБЖǜϕ4xǜЪіЛZϮɅƙ͖ϲ̀zϟϭΏÊϡЈ¨ͺϕ¿ϕϝЉϭ
ϐЈϋ 
± ΛΔΛ ϵĆ˽ϴʽɚǜиБЖǜњRape Seed or Vegetable Bio-oil, VO-ACћϯĆ˽ϴŁ
ДХЯђ SE-A ϯɆǜɸ4xǜ HO46ϊ͕ȳиБЖǜ S-7 ϲϫϐϭϊΎ͉пѓјбϯȒSЉ͋
ЌȨϐϧŮʡ˩ΉϴʅƧϮϏЈϋʽɚǜиБЖǜϵϐϢЉЁŮʡ͙ǄĵϵɆǜɸ4xǜϱ
ϾϮϏЈϕϊŁДХЯђ SE-A ϵ˕ƮAњUpper LimitћЌ­Ј̰ÍϱŮʡ̓ЌɏϡϋĆ˽
иБЖǜϴŮʡ͙ǄĵϮЁ¤̃ϲÍϖϱċϕϏЈϜϯϕиБЖǜϴșĭϮϏЈϋǃāĆÀϮЁ
иБЖǜϲЅЈǜµхіпϴȰĊŮʡϕ¿ϝЉϭϐЈϋ 
± ΛΔΜ ϵРшϴǬȄ˩Ή[112]ϴʅƧϮϏЈϋʪȆϟЂϡϐдбёђРшњ$/дбёђ
± ΛΔΚΐ ΐĆ˽иБЖǜϴ JIS̀zßáĒ˩ΉЌȨϐϧ ΘΗΗΐπϮϴ̀z˩ΉʅƧΐ
 

NBRћЌ 4 ɚͽϴʽɚǜиБЖǜњVO-ADћϊ4 ɚͽϴŁДХЯђиБЖǜњSE-ADћϯ
Ɇǜɸ4xǜ HO46ϊ͕ȳиБЖǜ S-7 ϲǬȄϟϧϋϜϴ˩ΉϮϵʽɚǜиБЖǜϴ VO-D 
ϯŁДХЯђиБЖǜ SE-Aϕ͛ȬAњLower Limit and Upper LimitћЌÍϖϘ̈ϒϊʪȆϲ
ЅЈ1ɝÇsњVolume ChangeћϕȦϠϭРшϴɌĒњHardness Changeћϵ/ϡЈϋϜϴϧЀ
ǃāϮϵǜµУёіЫȨУјђϯǜµујХϴРшɌĒϴ/ϲЅЈЖБђȂЉϴ¨ͺϕȳ
Ȧϟϭϐϧϋΐ
± ΛΔΜΐ ΐĆ˽иБЖǜϴ/дбёђΪΣέϴǬȄ˩ΉϴʅƧњ120!ϊ70ƍ͖ћΐ ΐ
± ΛΔΛΐ ΐĆ˽иБЖǜϴΎ͉ϲíϡЈŮʡ˩ΉϴʅƧΐ
њģĪůx˩ΉѢ1.5 Ѧ/sϊ80ΐπϊ1 ƍ͖ћ
 
± ΛΔΝ ϵǜµъјЪϲZ˂ϝЉϭϐЈǺĘϴ·̎оѓјЙϹϴиБЖǜϴĠͲЌ˳Ϻ
ϧʅƧϮϏЈϋʿʟІϕ͕ȳϟϧцБЛєЛѐЭЬ˩Ή[113][114]ЌȨϐϭŮŲ:ŻњFriction 
CoefficientћЌǸáϟϧϋŁДХЯђиБЖǜ SE-ADϊʽɚǜиБЖǜ AD ϐϢЉЁɆ
ǜɸ4xǜЅЇЁÍċϲŮŲ:Żϕ/Ϙϊ·̎оѓјЙϕwϔϱϐ͝ĵϕϏЈϋǜµ
ъјЪ˩ΉϮЁŁДХЯђиБЖǜϵɆǜɸ4xǜϴ 1/2 ϴоѓјЙбђЛϟϔϱϘϊ·̎
оѓјЙϴбђЛç̓ϕ½ǽϲǻϧϱϐϜϯϕЋϔЇƈĴϱɅƙíɪϕİ˓ϮϏϪϧϋΐ
Ϝϴ ϲƊІϔϲϱϪϧиБЖǜϴ¤̃ϴ¨ͺȏϵϊ͋Ƥϲ͌ЌȳȦϡЈϜϯϊϡϺЇ̑
ϲȨϐІЉЈ͉ͬ̈́ϴʨ΁Ќ̇ϜϡϜϯϊɆǜɸ4xǜϯıϟϭ̈́ùɆ΍ϴĬɴÙЌȦ
ϠЈϜϯϮϏЈϋΐ
ϜЉІϴ˳ƫϔІῒzßáĵϊŮʡ͙ǄĵϊРшʪȆ͙ǄĵϊŮŲ:ŻϱϰϻϯЍϰϴʹ
ȼϮ/¤̃ϯϱЈŁДХЯђ SE-A ЌϊƵ˧ϓЅϷÕĞĵɍ˭ϮȨϐЈȆȀǜͽϲ͝Ǽ
ϯϟϭ̹áϟϭϐЈϋϜϴŁДХЯђ SE-A ϵϊĖˣƿƱщјЗϴ˩Ή̻͓ϨϚϮϱϘϊ̻¤
щјЗϲЁŦ7ϟϊƵ˧ϯÕĞĵɍ˭ϲ5ȨϟϭЁІϑϜϯϯϟϧϋΐ

èãçàvIōİĳ|ğFUĔĪhĝÑhĠFĠľŊŝĳà
иБЖǜЌ5ȨʥϯϡЈǜµУХЯшЌ͕ȳϡЈ͡ϲϵϊșĵ˓®±ϊFTAϊFMEA ϱϰ
ħƢϴŅǠЌȨϐЈϜϯϕʞϒІЉЈϋϜЉІϴ˛ƥϲ½ϬϖϊиБЖǜϲ̶ϡЈĖˣƿƱ
ЌƹŁϡЈǜµУХЯшϴƿ«њ$СоУХЯшћЌϊʿʟϯпєФГЛбЬјшϴ˾'
ʟϓЅϷŔĞʟϕįϯϱЇ͕ȳϡЈϜϯϲϟϧϋиБЖǜϴɅƙíɪϯϟϭϴиБЖǜϴ5
± ΛΔΝΐ ΐĆ˽иБЖǜϴтјйŮŲƟϴŮŲ:ŻϴǸáʅƧ
 )
ȨцдэЏђϴ͕ȳϵϊϥЉϦЉϴ¤̃ϴ¨ͺϲíϟϭĖˣƿƱϮϴ5ȨƂǠЌáЀϊĆ˽
иБЖǜϴ͊ƩЌ¤̃Ǐϲ{aϟϧϋϜϴɅƙíɪϴâƃϵϊ͒ƙíɪЌ˶ϠЈϜϯϕϮϖЈ
ϽϮʊʋϟϧϋ͒ƙíɪϯϟϭϵϊĖˣƿƱϴǜµУХЯшϴПіхјеібњ$СоУХЯ
шћϴŊˇϲ͗ϡЈϜϯϕÌŻЌЀЈϋϜЉІϴ˲ͺϲϫϐϭϵϊиБЖǜϲ̇®ϡЈŹ͢
ϴ®Ќ˛ƥϟϭíɪƂǠЌóϖ`ϟϧϋ 
ˉ ΛΔΘ ϵиБЖǜϴ¤̃ϴ¨ͺȏ No.16 ϯϊϥЉϦЉϲíϟϭпєФГЛбЬјшϕ˞
ȫЌ4ЇϛϭâƃϟϧɅƙíɪњShort-term CountermeasureћϯϊиБЖǜϲ̶ϡЈСоУ
ХЯшЌ͕ȳϡЈϧЀ˞ȫЌ4Їϛϭâƃϟϧ͒ƙíɪњLong-term CountermeasureћЌϽϯ
ЀϧЁϴϮϏЈϋj̟ϴиБЖǜϴ¤̃ϴ˳ƫʅƧϯĆÀϮϴ¨ͺȏϲ½ϬϐϭцдэЏђ
(Machinery Operation Manual for Bio-Oil Use and Recommendation of Bio-oil BrandsћЌƵ˟ϟ
ϧϋɅƙíɪϯϟϭ/¤̃ϴиБЖǜ͊Ʃϴ5ȨɒǄЁƵ˟ϟϧϕϊȣ·иБЖǜщјЗ
њBio-oil SupplierћϕɦǠĞöњAuthority of Competition LawћϹцдэЏђϴɦǠŒ˜Ќ
˦ϒЈϓϥЉϕϏЈϧЀâƃϟϱϔϪϧϋϜϴϧЀˉ ΛΔΙ ϴЅϑϲϊиБЖǜϴ¤̃ǏњQuality 
Gradeћϲϊ̮̐ƍϴǜǶїǜµњOil Temperate, Pressureћϴg͛ϊЖБђŨƍ͖ϴɅʖњOil 
Change IntervalћϱІϷϲ¤̃ɨɽǏϴţÓ͊ƩϲϫϐϭϴцдэЏђЌ̼ćϟϭϊюјТϲ
íıЌ'ϣЈƂɪЌϪϭϐЈϋюјТϵϜϴţÓЌʞϯϟϭ¤̃ɨɽ 3 ϴ͊ƩЌ̹ϸЅϑ
ϲϱЇwƧϵĨІЉϭϐЈϋΐ
̜čϊǃā$Ëϴ˻āϱϰϴ̻·¼Ͻϧϵ³ZϮЁиБЖǜϴ5ȨЌ˓ǖϡЈюјТϕ
̻ϲϏϪϧϧЀϲϊƆƝĖˣƿƱƃĂ~*њJapan Construction Machinery and Construction 
Associationϊ$ JCMAћϮˉ ΛΔΚ ϲɏϡЅϑϲĖˣƿƱȨϴиБЖǜ˕ƮњJACMAS BO 
StandardћЌ 2004čϲ͕ȳϟϧ[45]ϋj̟ϴ JASO EOϴ˕ƮgáϴʃϾЌϥϴϽϽȨϐϭ
ϐЈϋ¤̃ϵjˉ ΛρΙ ϴ¤̃ɨɽ 3 $ϯϟϭϊǜµУХЯшϲŹ͢ϕȦϠϱϐЅϑϲϟϭϐ
ЈϋʿʟњAuthorћϵƝ˕Ʈ4Їϴ×¥͒ϮϏЇϊǜµхіпϓЅϷǺĘоѓјЙϴ˩ΉƂǠ
ϴ̂žЌŦ7ϟϧϋ³ZĖˣƿƱщјЗњJapanese Construction Machinery Manufacturesћϵǜ
µхіп˩ΉϊɆǜщјЗњJapanese Oil SuppliersћϵȆȀǜ˩ΉƂǠϱϰЌŦ7ϟϧϋʫx̎
щјЗњJapanese Car ManufactureѨћϯǫËɆǜщјЗњGlobal & Asian Oil Suppliersћϵϊɲ³
SAEЏФЏ×¥*њSAE Asia CommitteeћϮϴ˕Ʈϴ˓ǖϴƵ˟њRequirements in Discussing 
ItemsћЌ̧ϟϭ˕Ʈgáϲ͗ЋϪϭϐЈϋJCMA ϴиБЖǜ˕Ʈϴ̮ȨњUtilization of 
JACMAS BO StandardћϴƂǠϵϊюјТϹϴ˕Ʈ̶иБЖǜЌţÓϡЈϜϯϯϊ˕Ʈϲ̶
ϡЈɻǅиБЖǜњFor Genuine BO and Recommendation to UserћЌ͕ȳϡЈϜϯϮϏЈϋю
јТϵţÓϡЈиБЖǜЌ5ȨϟϭњUse JCMA BOћǜµУХЯшϴŹ͢Ќ͙ϙϜϯϕϮϖЈϋ
Ϝϴ˕ƮϴиБЖǜϵϊ³ZϮϵǔĂϲ5ȨϡЈĖˣƿƱϏЈϐϵĂȨʳʲϲ5Ȩϝ
ЉϭϐЈϕƎϵĦϲϱЈЁϴϯʞϒІЉЈϋΐ
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͒ƙíɪϮϏЈиБЖǜЌ5ȨʥϯϡЈСоУХЯшϴ͕ȳϵϊǂϲ̟ϺЈíɪƂǠЌ
ǙЀϭTϭϴƿɚϲíϟϭâƃϟϧϋNo.1 ϴǜʩĜĒϕ/ϐ¨ͺњAntiwearћϲíϟϭϵϊˑ
ͥϱ¤̃ɍ˭ЌϟϱϘϭǳϿЅϑϲϊ̑щЪђϴċњͯɝћЌŗÍϡЈњExpanding Bearing 
Widthћˣ˞ÊƓЌˆϪϧϋNo.2 ϴ̀zßáĵϴ/ϝϲϫϐϭϴСоУХЯшϴŵʴϯ͕ȳϲ
ϫϭϵϊƗwϱíɪϵ˔ϐ`ϣϱϔϪϧϋϜЉϲϫϐϭϵĦ̟ϡЈϋNo.3 ϴ/ϘϱЇ̰ϗЈǺ
Ę·̎оѓјЙϴбђЛњFriction Coefficient, Reduction of Parking Brake Torqueћϲíϟϭϵϊ
оѓјЙƟщјЗϯVϮиБЖǜϮЁΊϐбђЛЌȳȦϡЈƟžњNew Brake MaterialћЌ
͕ȳϟϭšȨϟϧϋNo.4 ϴиБЖǜϲЅЈРшϴʪȆњRubber CompatibilityћϵϊЛєєпѓі
РшњCRћϊ/дбёђ NBR ϱϰϴĜĒЌʿϟϘ/ϝϣЈ[66]ϋϥϜϮϊϜЉІϴујХϽϧϵ
УјђϱϰРш̻¤ϲϫϐϭϊʠǜĵϴΊϐΊдбёђ NBR ϏЈϐϵǔɿz NBRњHNBRћϱ
ϰϴƟ̃ϲÊƓϟϧњChange Rubber MaterialћϋNo.5 ϴɆǜɸ4xǜϴǱsmϯϴıϮȦ
ϠЈнАђЪ˪ϽЇњCompatibility with Petroleum Hydraulic OilsћϲíϟϭϵϊɅƙíɪϴиБ
ˉ ΛΔΙΐиБЖǜϴ¤̃ɨɽ!ϚϯţÓϡЈ̮̐ơ&ΐ
ˉ ΛΔΚΐ ΐ ΧΤΩ΢ή иБЖǜϴ˕Ʈ4Їϴfå͗:ʟϊgáǧxϱІϷϲfȨƂǠΐ
Quality 
Grade
Base Oil Oil Temp., 

Pressure, 
MPa
Oil Change 
Interval, hrs
ParkingBrake
1 Rape Seed Oil 32 max. 1,500 max.
2
Rape Seed Oil or 
Synthetic Ester
3
4  42 max. 5,000 max. As Normal
-10 + 80 Need toStick 
Caution Plate35 max. 3,000 max.
Synthetic Ester -30 + 100
Discussing
Items
Utilization of JCMAS BO
Standard
1 Pump Test, Wet
Brake Test and
Related Tests
- -
For Genuine BO
2
-
Pump
Tests
- Recommendation to User,
For Genuine BO
3 - - Oil Tests Manufacturing JCMAS BO
4 - - - Use as Reference
5 SAE Asia
Committee
Global &
Asian Oil
Suppliers
- - -
Manufacturing JCMAS BO
7 User - - - - Use JCMAS BO
Japanese Car Mfr.
Requirements
No. Stakeholders
 JCMAS Bio-Oil (JCMAS BO) Standard
Providing Test
Author
All
Japanese Construction
Machinery Mfr.
Japanese Oil Suppliers
 )
Жǜ5ȨцдэЏђϲˡ̔ϟϧЖБђŨŅ͵ϴ˰ƊϮ¨ͺЌ͙ϙϜϯϕϮϖЈϯʞϒІЉϧϋ
ϟϔϟϊȣÀϮϴɆǜɸ4xǜϔІиБЖǜϲŨϡЈ4ƶϮϵϊ
ЖБђϕǰϟϭȵȈ
ЂнАђЪ˪ϽЇϕȳȦϟϧϴϮ͒ƙíɪϴ˞ȫϕİ˓ϯϱϪϧϋϜϴϧЀϊиБЖǜ5ȨЌĈ
ƘϡЈюјТϚϲϊЀĂÀϮиБЖǜЌPÄϟϭ`ʼϡЈњFactory-fill of Bio-OilћϜϯϲ
ЅЇɆǜɸ4xǜϯϴǰЌ͙ϙϜϯЌ͒ƙíɪϯϟϭâƃϟϧϋNo.6 ϴ͉ͬϴʨ΁
њAnticorrosion for Bronze Bearingћϲϫϐϭϵϊϥϴ̈́ùʃŁϲ͍ϱϰЌsϒϭ̑ϚĵʥЌ
ʌŘϟϱϕІɋΎɸǱsmϲíϡЈʠ΁ĵЌŵʴϟϧњImprove Bronze Compositionћ[115]ϋ
No.7 ϴиБЖǜϴ͙͌ĵњAntirustћ̊ϲϫϐϭϵ4xǜЪіЛZ̻Ϲϴ͙͌ÁˍњAntirust 
TreatmentћЌƃϟϭϐЈϋ 
иБЖǜϴ̀zßáĵϴ/ϝϲϫϐϭϵϊˉ ΛΔΛ ϴЅϑϲĞcʽɚǜϴÊʵњOil Color 
ChangeϊΏʵzћϨϚϕĆÀϮϴ¨ͺϲϱϪϭϐϧϋ͇͉ͬ̑ϴ͇ǿ`њLead Corrosion of 
Bronze Bearingћϴʥĵ[72]ЁʞϒІЉϧϕĆÀϮϴŹ͢ϵϱϔϪϧϋϜϴϧЀϊʿʟІϵю
јТϹϴЖБђŨƍ͖њReduction of Oil Change IntervalћϴřóϮ¨ͺϵϱϐϯdƀϟϭϐ
ϧϋ͒ƙíɪϯϟϭʿʟІϵϊ¤̃ɨɽ 4 Ќȼƻϯϟϧ̀zßáĵϴΊϐиБЖǜњj̟ϴ͕
ȳиБЖǜ S-7ћЌƆƝ³ZϮ͕ȳϟϧϕ[65]ϊǃāϴȥÆǐĵ˕g[105]ϲ͒ϐ͖íıϮϖ
ϢǃāϹϴóSϕϮϖϱϔϪϧϋϥϴĦϲϊǃāϴɆǜщјЗϯМєјиђɻǅǜϯϟϭƁϟ
Ϙ¤̃ɨɽ ΛϴиБЖǜЌV͕ȳϟϭóSϟϭϐЈϋ 
ˡϴ̪ϴíɪĦϲЁǂϴ¨ͺϕ̇ϜϪϭϐЈϋĖˣƿƱϴȣÀϮϵϊиБЖǜϲЅЈ
ǜµиђоϴ4xʴϕȳȦϟϊǜµхіпϴµq̊ϊǜµУёіЫϏЈϐϵǜµъјЪ
ϱϰϴ˯4xϕ¨ͺϯϱϪϭϐϧϋϜЉІϲíϡЈ˳ƫʅƧϔІϵϊË̻9SϡЈɇÅϯZ̻
ϮȳȦϡЈŮʡɳњ$ǜЫХбћϲЅЈǜµиђоϴ²ɁϯŮʡϕ®ϯϝЉϧЁϴϴϊи
БЖǜϯϴȽŢȶϱ͗:ĵϵƛϨ˛ƊϝЉϭϐϱϐϋиБЖǜϴ̀zßáĵϕ/ϐϜϯϮϊǜ
ϲǿϴѐЭЗјϕȦϠϊǜµиђоϲϜЉϕ!Ɂϟϭ4xʴЌ̇ϜϡϜϯЁʞϒІЉϧϕϊ
4xʴЌȦϠϧǜµиђоϴƵƫʅƧϮϵѐЭЗјϴ!ɁϵϱϔϪϧϋʅƧȶϲϊ4x
ʴϴȣ˺ϵϽϪϧЅϑϲ˔ϒϧϕϊǜµиђоϴ4xʴϴ®ϕ˛ƊϝЉϱϐϽϽϲϱϪ
ˉ ΛΔΛΐиБЖǜϴ̀zϴ¨ͺϴ®ϯɅƙíɪΐ
Lead Corrosion of 
Bronze Bearing
Lead Corrosion by 
Oxidation Products
No
Generation of 
Failure in the Field
Short-term 
Countermeasure
Oil Color Change Unsaturated Base-oils, 
Inadequate Anti-Oxidant 
Content
Yes
Reduction of Oil 
Change Interval 
(Ref.: Table 4-2)
Probability of 
Failure
Failure Cause
 )
ϧϋϜЉϲЅЇиБЖǜϲ̶ϡЈĖˣƿƱϴ͕ȳϕàϡЈϲϵʭІϱϔϪϧϋΐ
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ƺόϱ͝ǼЌŘϫ/¤̃ϴиБЖǜϕϊÌŻϴСоУХЯшϔІƹŁϝЉЈǜµУХЯ
шϕƺ̧Їϲx4ϡЈϜϯϲ̇®ϡЈŹ͢ϵˑͥϮϏЈϧЀϊħƢϴŅǠϮϵ®ɟƊϕ
¯ͧϮϏЈϋϥϜϮϊУХЯшЦДіФдЏёіМ[5]ϴЏпєјЬϲ½Ϭϖ SysML ϲЅЈУХЯ
шъађϴˡ̟ЌȨϐϭϊϜϴƛ˛Ǚϴ¨ͺϴ˛ƥϯíɪϴó`Ќ˩ϾϧϋǜµУХЯшϴ
½ƝщЗдЦшϲϫϐϭ SysML ϲЅЈУХЯшъађϴˡ̟ϟϧϮϊиБЖǜЌ̇®ϯϡЈ
4xʴϲʭЈщЗдЦшЌ˛ƊϡЈϋϜЉϲЅЇ4xʴЌ͙ϙíɪưЌóϖ`ϡϋΐ
УХЯшϴёХЛϲ͗ϡЈßTaƥϯ SysML ЌʉϡЈ˩Ͼ[116]-[119]ϕϊщЗбєдЛХϊ
єфЭбϊʰɠƿϱϰϴa͂ϮˆЋЉϭϐЈϋϜϴϮ Biggs І[119]ϵ SafeML ЌȨϐЈϜϯЌ
Ŧ¦ϟϭϐЈϋSafeML ϵ SysML ϴßTĹ¿ϲșzϟϧŗěпєнЎБђϮϏЇϊУХЯшϴё
ХЛϓЅϷϥϴёХЛϲíϡЈíɪŅǍϊёХЛɭȤϴʅƧЌƊɍϲˡ̟ϮϖЈ[120]ϋϜϴ
SafeML ЌȨϐЈϜϯϲЅЇ4xʴϴ͝ПіЯЙХбϯj̟ϴíɪϲϫϐϭˡ̟ϮϖЈϋϜϜ
ϮƊɍϲϱϪϧ4xϴßTĵϲ͗ЋЈʹȼϔІßTХПЏњĦ̟ћЌɬ`ϟϭƖʂíɪЌǙá
ϟϭϐЈϋϱϓϊSafeMLϴ±ϲȨϐЈˉˡϵϊSysML ϯƺϲʹˮˡ̟ϯϡЈϋΐ
ǃāϴиБЖǜ˕ƮϯϊĖˣƿƱȨǜµУХЯшϲǃāϴиБЖǜЌ5ȨϡЈϧЀϲȦϠ
Ј˓ǖϯϴ͗:Ќϊ± ΛΔΞ ϲ SysML ϴ˓ǖ±ЌȨϐϭɏϡϋEU ДПѐсђϱϰϲЅЈиБЖ
ǜϹϴ˓ǖњEuropean Bio-oil SpecificationћϵϊńáϴȥÆĵʥЌŘϫиБЖǜ½ǜњUse of 
Bio-Base OilћϯgɹϝЉϧǱsmњAdditive LimitationћЌȨϐЈϜϯϮϏЈ[100]ϋϜϴ½ǜϴ
șĵϔІϵǜµУХЯшϲíϟϭ5ʹȼϴ˓ǖњ(1) Bearing Improvement against thin Oil-filmϊ
(2) Proper Oil Change, (3) Brake Torq. Increase, (4) Oil Proof Rubber, (5) Exchange ManualћϊǱ
smϔІϵ 2ʹȼϴ˓ǖњ(6) Antirust Treatment, (7) Corrosion Resist Materialћϕóϖ`ϝЉЈ
ϴϮϊΛΕΙ ɮϲj̟ϟϧ˳ƫʅƧϯȓІϟЋϣϭиБЖǜϴ¤̃ϲϫϐϭŐϚϴϱϐƵ˟ϕ
ϮϖЈϋϽϧϊ˓ǖ±Ϯϵó`ϝЉϧ˓ǖϲíϟϭ˩ΉϡϺϖǜµƿ«ϴíɪ¤ЁŐϚȂЉ
ϱϘˡ̟ϡЈϜϯϕϮϖЈϋϧϨϟϊ/ϐ̀zßáĵ(Low Oxidation Stability)ϔІóϖ`ϝЉϧ
̶bϱЖБђŨƍ͖њ(2)Proper Oil Change Intervalћϵϊ͒ƙíɪϮϱϐϧЀ˩ΉϡϺϖǜ
µƿ«ϴíɪ¤ϕϱϐϜϯЁƊɏϝЉЈϋΐ
ĖˣƿƱT1њвщБіћϴУХЯшϴŚЈʯϐϵϊϡϮϲ Ιɣϴ± ΙΔΘ ϲЏЛЯАлЯА±Ќ
ȨϐϭɏϟϧϋϜϜϮϵϊǜµУХЯшϴ͝ПіЯЙХбϴщЗдЦшЌϊ± ΛΔΟ ϲZ̻оєЭ
Л±ЌȨϐϭɏϡϋДіФі`qњEngine PowerћϲЅЇǜµхіпњblock1 pump: Oil Press 
Generation SubsystemћЌΆxϟϭϊΊµǜњHP_oil, 35 MPaћϯµњ3 MPaћϴйБєЭбǜ
њPilot oilћЌȳȦϝϣЈϋЖтѓјЪϵǜµиђоњblock2 valve: Oil Flow Control Subsystemћ
 )
ϴйБєЭбиђоњblock2.1 pilot valve: Pilot Valve DeviceћЌϟϭϊǜµхіпϴµqϴ
˳żϯϊщБіиђоњblock2.2 main-valve: Actuator Moving Deviceћϴű4ЌˆϑϋщБіиђ
оϵΊµǜϴƂϊǨ̓ϱІϷϲµqЌgĩϡЈˑŻϴюдЭбϔІϱϪϭϐЈϋgĩϝЉϧ
ΊµǜњCHP_oilћϵϊ4ƶƿЌxϔϡСоУХЯшњblock3 actuator : Work Component 
Actuation SubsystemћϴǜµъјЪ њHyd- motor deviceћϽϧϵǜµУёіЫњHyd-cylinder 
Device ћЌ4xϝϣЈϋ4xĦϲΊµǜϵщБі иђоϮµqϕ˛ŷϝЉϭ/µǜ
њLP_oil, 0.1 MPaћϯϱЇϊЖБђ7ʈСоУХЯшΐ њblock4: Oil Feed SubsystemћϲSЈϋ̻
ϴŮŲϯɶĵŒŏϲЅЈȳȔϯϯЁϲϊΊµǜϕ/µǜϲϱЈƍϴȳȔϲЅЇǜǶϕƉϡЈ
ϴϮЖБђЛјѐњOil Cooler DeviceћϮ]ϡЈϋϥϴĦϊ/µǜϵнАђЪњblock4.1.1 filter: 
Dust Eliminating UnitћϲЅЇǜЫХбϕḬ̑ϝЉǜµЪіЛњOil Tank UnitћϲŃЈϋΐ
ΐ
èãéà .³3Ġ\°q¸à
áåâà ōİĳ|ĠÏ%ĭÅđĔ|6ļŐľŀņŗŤŕšőćōŞŐĕĠ
ťĠCĝÏ%ŘĴŋŁŗĠq¸à
иБЖǜϲϓϚЈ̀zßáĵϴ/ϝϲíϟϭϵ͒ƙíɪϕƃϝЉϭϓІϢϊ4xʴϲЁΐ
± ΛΔΞΐ ΐǃāϴиБЖǜ˕Ʈϲ½ϬϘǜµУХЯшϲíϡЈ˓ǖЌˉϡ˓ǖ±
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͗ЋЇϕϏЈϯʞϒІЉЈϋϥϜϮϊǜµУХЯшϴ4xʴϴ®ЌȤ˛ϡЈϧЀϲϊϰϴС
оУХЯшϴϮиБЖǜϕ̀zϡЈϔЌƊІϔϲϡЈİ˓ϕϏϪϧϋ± ΛΔΟ ϴϮ̀zЌ̇
ϜϡʥĵϕΊϐСоУХЯшϵ˼ʼϯǶĒϕΊϐǜµхіпϮϏЈϕϊщБіиђо
њblock2.2 main-valveћϏЈϐϵ4ƶƿЌxϔϡСоУХЯшњblock3 actuatorћϴǜµъјЪ
ϯǜµУёіЫϲϓϚЈ̀zϴʥĵϲϫϐϭϵƵ˟ϝЉϭϐϱϐϋͿ͖І[121]ϵĖˣƿƱ
ϲ5ȨϝЉЈſƤЏЙУыђмХбіĘǜµхіпњ21 MPaћϮǶĒǸáЌˆϐϊУёіЫоє
ЭЛϮ 30 π$ϴǶĒƉњǜǶ 80 πϴÀ 110ΐπћϡЈϜϯЌ˔`ϟϭϐЈϋǜϲǓǡ
ϕÛ¶ϡЈÀϵƀȔµʖϲЅЇ 1,400 π$њ35 MPaϴÀћϴуЭбХхЭбЌȦϠϭ ̘
ϴиБЖǜЌsȔϡЈϧЀ[122]ϊиБЖǜϕ̀zϟϭѐЭЗјϲϱЈϯţáϮϖЈϋϱϓϊДі
ФіϴмХбіёіМ²ɁЌ̇ϜϡѐЭЗјЁϊиБЖǜϴѐЭЗοϯƺϴzÜƹ̩ϴǜϲǿ
Ϛϱϐ̀zʖ́ȗ[11]ϮϏЈϋΐ
ĖˣƿƱϲϓϚЈɛHƍϴTϭϴСоУХЯшϴДеђКјŪÑϵ 60-75љ[123][124]ϲ
̲ϡЈϕϊʿʟІϴ˳ƫϮϵϥϴϑϩǜµхіпϕɹ 15љϊщБіиђоϕɹ 25љϮϏϪϧϋ
ДеђКјŪÑϵǜǶϴƉϲϫϱϕЈϴϮϊщБіиђоZϴǜǶϕǜµхіп$ϲΊ
ϐÀЁϏЈϯţáϮϖЈϋϽϧϊщБіиђоZϲϵΊµǜЌ/µϴ­̌ϲŞ`ϡЈюдЭб
њёёјнėћϕϏЈϋĖˣƿƱϕşiиНЭбϮÍϖϱýЌЇ͜ϘƍϱϰϲϊǜµУХЯшϲ
̰Íϱ˼ʼϕϔϔϪϧțĽϮǜµУёіЫϯǜµъјЪϴxϖϕǄϽЈϯϊ3oϱΊµǜϕёё
јнėϔІ/µϴЖБђ7ʈСоУХЯшϴ­̌њblock2.2 main-valveϔІ`Јͬϴ LP_oilΐ ΐ
­̌ћϲ˛ŷϝЉϊ̮xДеђКјϕȔϲÊŨϝЉЈϋϜϴƍȳȦϡЈёёјнėϮϴȳȔ̓
ЌĘњ4-1ћ[125]ϲħϪϭɬ`ϡЈϯϊǜǶϵɹ 100ΐπњǜǶ 80ΐπϴÀћϯϱЇǜµхіпϴ
ǜǶϯɨϮϏЈϋΐ5 $ %6% 7 8%%ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ њΛρΘћΐ ΐ
ϜϜϮ H ϵёёјнėϔІϴȳȔ̓њkJ/min.ћϊp ϵёёјнµqњMPaћϊQ ϵёёјнǨ̓
њL/min.ћϮϏЈϋ 
˒І[126]ϵщБіиђоњblock2.2 main-valveћϴx4ЌУчэѓјУяіϟϧϜϯϲЅЇщБ
іиђоϔІЏЛЬэДјЪњblock3 actuatorћϹϴΊµǜϴǨЉϴƂЌgĩϡЈюдЭбϮ
ЁДеђКјŪÑϵёёјнėюдЭбϯɨϮÍϖϐϜϯЌɏϟϭϐЈϋϜϴΊµǜϴǨЉϴ
ƂЌgĩϡЈюдЭбϮϵЖБђϵǨ̨ 100 m/s $ϮǨЉϭ[11]ϊȇϟϐЙылЯјУяі
Ќ̇ϜϡϋϜЉϲЅЇȒSЉϏЈϐϵǬȎЌƃϟϧ̻͋¤ϲЁŪFЌȦϠЈÀϕϏЈ[11]ϋϜ
ϴЅϑϱȇϟϐЙылЯјУяіϮϵǓǡϴÿÈϲЅЇΊǶїΊµ̻њɹ 4,700 !ϊ100 MPaћϴ
уЭбХхЭб[127]ϕȦϠЈϯϝЉЈϋуЭбХхЭб ̘ϴиБЖǜϵ± ΛΔΠ ϴЅϑϲ̀zϟϭѐ
ЭЗјЌȦŁϡЈϯţáϝЉЈϋуЭбХхЭбњHot SpotћϴϮϵϻϯЍϰÙțĽϽϮa˛ϝ
ЉЈϔϊϏЈϐϵȕȒțĽϮȎɿʅϕѐіЫшϲˌϔЉЈњHydrogen, Carbon and Oxygen at 
 )

Atomic State or Combustion Stateћ[128][129]ϋуЭбХхЭб ̘ϮϵѐФЗђϕȦŁϟњRadical 
GenerationћϊϥϴËDϮѐЭЗјњLacquer FormationћϏЈϐϵ ϴ̀zȦŁȗњOther 
Oxidation ProductsћϕȦϠЈϋϱϓϊǜµхіпZϮЁЙылЯјУяіϲЅЈŪFϵô˕Ƽϱ
ϕІЁȳȦϡЈ[130]ϋϜЉІϴƵ˟ϔІϊƁϧϲǜµхіпϯǜµиђоϮѐЭЗјϕȦϠЈϜ
ϯЌ˔`ϡϜϯϕϮϖϧϋǜµъјЪϯǜµУёіЫϮЁѐЭЗјȦŁϕ̇ϜЇϒЈϕϊϐϢЉЁ
˼ʼ͸ĒϵǜµхіпϯщБіиђоϲǑϺ/ϐϋ̰ϲϵƄ­ȨǜµъјЪϕăϴ­̐
bЇƕϒƍϲЙылЯјУяіϲЅЈ¨ͺЌ̇Ϝϟϧϕϊȣ¶ϵǜµиђоϴŵʴϮíɪϝЉ
ϭϐЈ [123]ϋϜϴϧЀǜµъјЪϯǜµУёіЫϮϴѐЭЗјȦŁϵõϱϐϯţáϮϖЈϋȦ
ŁϟϧѐЭЗјϵиБЖǜϲǿϚϱϐϴϮнАђЪϲŜśϝЉϊнАђЪ˪Їϴ˓®ϯϱЈϋ 
áæâà |ŃŀňĠćŏįŞłğħĪ`_ĕĒě$®ĢĠRÙĠq¸à
± ΛΔΘΗ ϲǜµЪіЛϊнАђЪ!ϖоёјТϴƹ̩Ќɏϡњ± ΛΔΠΐ block-4.1ћϋнАђЪњ±
ΛΔΠΐblock-4.1.1 filterћϵ/µǜЌ 20100­̧̰ϝϣЈϜϯϮǜЫХбЌŜśϡЈϋʿʟІϴ
â̎˩ΉϮϵħƢϴЧђєјХЊƟњĦ̟ћϴнАђЪњFilterћϵŻƍ͖Ϯ 5 µm$ϴǜЫ
ХбЌ 50љ$ŜśϮϖЈϋϜЉϲЅЇǜЫХбϴɴÙŻњǲǩĒћϵǜµУХЯшϲİ˓ϯϝ
ЉЈ͛A$ϲōϒІЉЈϋнАђЪϕ˪ϽЇµqϕΊϘϱЈϯϊнАђЪȨиБйХė
њBypass Valve for Filter Protectionћϕ͕ϐϭ/µǜϵнАђЪЌ̧ІϢȽŢǜµЪіЛ
њHydraulic TankћϲSЈˣ˞ϮϏЈϋнАђЪŨƍ͖ϵǜЫХбϴŜśç̓ϔІˣ˞ϝЉ
250500 ƍ͖ϮϏЈϋj̟ϴЅϑϲǜЫХбϵË̻ЫХбϯZ̻ϴ̈́ùŮʡɳϔІϱЈϋË
̻ЫХбϵǜµЪіЛϲˍɁϝЉϧнАђЪ!ϖоёјТњBreatherћ[131]Ťblock4.1.1 breatherћ
ϔІϊɠǓϴ`SЇϯƍϲɳÅϽϧϵǢǔϯϟϭ9SϡЈϋоёјТϴнАђЪњBreather 
± ΛΔΠΐƀȔµʖϯЙылЯјУяіϲЅЈиБЖǜϴѐЭЗјȦŁϴţá±ΐ
 )
Filterћϵ­ϴ̧̰ϨϚϱϴϮϊʁϔϐЫХбϴ9SЌ͙ϛϢǜЫХбϴ®ϯϱϪϭϐЈϋ
ϜϴнАђЪϵЖБђȨнАђЪϯϠЧђєјХЊƟЌ5ϪϭϐЈϋË̻ЫХбϵtĸϱȣÀϮ
ϵЖБђˏʈϊнАђЪŨϊǜµујХŨϯСоУХЯшϴ=ȤƍϲЁǰSϡЈϋΐ
ϜϴϧЀǜЫХбϲϵɇÅȪƢϴȢɇњɆʹћϊ͒ɆϊϏЈϐϵ̈́ùŮʡɾϮϏЈ̀z͆
ϯ͋ϱϰϴɌ̃њлЭЗјХɌĒ Hv 600 $ћϴŁaϕϽЉϭϐЈϋˉ ΛΔΜ ϵǜЫХбϲ
ϫϐϭϴǲǩĒϴ͛ȬAњUpper Limit of Particles Number,ΐCleanliness limitћ[132]ϯϊŹ͢ϕ
ȦϠϧĖˣƿƱǜµУХЯшϴ4xǜϴXºȶϱǲǩĒњExample Data of A Failed 
Machineryћϴ6ϮϏЈϋǲǩĒϴ͛ȬAЌ̉ϒЈϯϊǜµиђоϴ²ɁϲЅЈ4xʴϯŮ
ʡЌ̇Ϝϡ®ϯϱЈ[125]ϋщБіиђоϯйБєЭбиђоϴx̻ϴ͖͠ϵŻ µmѮ30µm 
[11]ϮϏЈϴϮϊǲǩĒ͛ĒZϮϏϪϭЁǜЫХбϵ͖͠ϲSЇ̙ϿϕϊхіпWЌ̇Ϝ
ϟϧˉϴ6ϮϵǜЫХбϴ>ŻϵǲǩĒ͛ȬϴƖÍ 7?ϲ̲ϟϭϐЈϋΐ
ˉ ΛΔΜΐǜµЫХбϴɴĤǏϴɴÙŻњǲǩĒћϴ͛ȬAϯŹ͢ϕȳȦϟϧ4xǜϴɴ
ÙŻϴXº6ΐ ΐ
Particle Size, µm 5 - 15 15 - 25 25 - 50 50 - 100 >100
Upper Limit of Particle 
Numbers , mL-1
500,000 32,000 4,000 1,000 100
Examlpe Data of A 
Failed Machinery, mL-1
3,490,150 96,990 3,120 140 0
± ΛΔΘΗΐǜµЪіЛϯнАђЪ!ϖоёјТϴƼĘ±ΐ
 ))
èãêà .ğ«Ī|6ľŀņŗĠ^Ī¬ĈĠ¶à
áåâà|6ľŀņŗĠ­Ğ^Ī¬ĈĠ~à
±ΛΔΘΘϲǜµУХЯшϴǅĊϱŚЈʯϐЌˉϡЏЛЯАлЯА±ЌɏϡϋЏЛЯАлЯА{
ȫϵj̟ϴ± ΛΔΟ ϴСоУХЯшϴоєЭЛϲʮϡЈϋǜµхіпњblock1 pumpћϵΊµǜ
њHP_oilћЌǜµиђоњblock2 valveћϲ̢Ї`ϡϋЖтѓјЪϵǜµиђоЌű4ϟϭϊйБ
єЭбǜњPilot_oilћϲЅЇхіпµqϴ˳żЌˆϐϊΊµǜϴǨЉϴƂϏЈϐϵǨ̓Ќgĩ
ϡЈϋϜϴgĩϝЉϧΊµǜњCHP_oilћϲЅϪϭǜµъјЪϽϧϵǜµУёіЫϱϰϴЏЛЬэ
ДјЪњblock3 actuatorћЌxϔϡϋϜЉϲЅЇ4ƶƿ«њWork Componentћϕ4xϡЈϋ4ƶϲ
5ЋЉϧΊµǜϵǜµиђоЌʄȪϟϭ/µǜњLP_oilћϯϟϭЖБђ7ʈСоУХЯш
њγθιδηΛћϲŃЇϊ]ϝЉϭњCool LP_OilћϊнАђЪϮЊ̰ϝЉњFiltrate LP_oilћϊǲǩϱ/µ
ǜњclean LP_oilћϯϟϭЖБђЪіЛњReserve LP_OilћЌʄϭǜµхіпϲSЇ[ϷΊµzϝЉ
ЈϋϧϨϟϊ/ǶÖxƍϱϰиБЖǜϴɶĒϕΊϐƍϲϵнАђЪĄµϕΊϘϱЇњfiltration 
pressure => 0.15 MPaћϊнАђЪȨϴиБйХėϕƍȶϲ͕ϘϋϜЉϲЅЇиБЖǜϵнАђЪ
Ќ̧̰ϣϢϲњBypass FiltrationћϊǜЫХбЌЍϨϽϽЖБђЪіЛϲǨЉЈњcontaminated 
LP_oilћϋϱϓϊÖxĦ 30 aɘĒϮǜǶϵ 60ΐπ$ϲϕЈϧЀϊϜϴ͖ϲ/µǜϵнАђ
ЪЌ̧̰ϡЈЅϑϲϱЇǜЫХбϴ̓ϵȽϩϲǴõϡЈϋΐ
à
± ΛΔΘΘΐ ΐǜµУХЯшϴǅĊϱțĽϴŚЈʯϐЌˉϡЏЛЯАлЯА±ΐ
 )
áæâà ōİĳ|ĠÏ%ğħĪ|6ľŀņŗĠ$®Ġ^Ī¬ĈĠq¸¥là
иБЖǜϴ̀zϲЅЈѐЭЗјϴȦŁϯǜµУХЯшϮϴŚЈʯϐЌЏЛЯАлЯА±ЌȨϐ
ϭ±ΛΔΘΙϲɏϡϋњaћǜǶϕϕϪϧǜµхіпϮϵϊǓǡϴƀȔµʖϲЅЇѐЭЗјϕΊµ
ǜϲȦŁϝЉЈњGenerate Oil Pressure and Generate Lacquer in HP_oilћϋѐЭЗјЌЍϨΊ
µǜњHP_oil + lacquerћϵǜµиђоZϲǨЉЈϋњbћǜµиђоϮϵȇϟϐЙылЯјУяі
ϕȳȦϟϭ/µǜϲѐЭЗјϕȦŁϝЉњControl Oil Flow and Generate Lacquer in LP_Oilћϊ
ЖБђ7ʈСоУХЯшϲǨSϡЈϋ(c) ѐЭЗјЌЍϨΊµǜϵЏЛЬэДјЪϲЁǨЉЈ
ϕЏЛЬэДјЪϹϴĠͲϵôϝϐϋ(d)ѐЭЗјϵЖБђ7ʈСоУХЯшZϴнАђЪϲŜ
śϝЉњFiltrate LP_oilћϊǲǩϱ/µǜϯϟϭǜµхіпϲŃЈϋϟϔϟϊǂɧϲѐЭЗјϕнА
ђЪϲ¾ɝϡЈϯϊǜǶϕ 60ΐπ$ϮЁнАђЪĄµϕ 0.15 MPa$ϯϱЇϊнАђЪȨиБ
йХėϕ͕ϐϧϽϽϴțĽњ$нАђЪ͔ÂћϯϱЈњplug filter with lacquerћϋϜϴʅƧϊǜ
ЫХбϯѐЭЗјϕЊ̰ϝЉϢϲ/µǜǰSϟњcontaminate LP_oilћϊǜЫХбϲǗƪϝЉϧ
/µǜϕǨЉЈњcontaminated LP_oilћϋΐ
ǗƪϝЉϧțĽϴиБЖǜϴǜµУХЯшϴŚЈʯϐЌ± ΛΔΘΚ ϲɏϡϋǗƪϝЉϧ/µ
ǜϵǜµхіпϲSϝЉϊǜЫХбϯѐЭЗјЌЍϨΊµǜϯйБєЭбǜњGenerate 
Contaminated HP_Oil and Pilot_OilћϯϱЇϊǜµиђоϲ̢ІЉЈϋǗƪϝЉϧΊµǜ
њcontaminated HP_oilћϲϵЏЛЬэДјЪϱϰϮŮʡɳϕSЇϊ/µǜϯϟϭЖБђ7ʈСо
± ΛΔΘΙΐ ΐǜµУХЯшZϮϴиБЖǜϴѐЭЗјȦŁЌˉϡЏЛЯАлЯА±ΐ
 
УХЯшϲŃёϊË̻ЫХбњair/dustћϕǰSϡЈϋϜЉϕʚЇ̝ϝЉϭǜЫХбϴȉĒϕǲǩ
Ēϴ͛AЌ̉ϒЈϯњψϴυϊexceed cleanliness limitћǜЫХбϕǜµиђоњщБіи
ђоϯйБєЭбиђоƂћϴ͖͠ϲSЇ̙ЍϮ²ɁϽϧϵŮʡϲЅЇ4xʴϕȦϠЈ
њMalfunction by Valve Sticking or Wearћϋнєјϵʂњςћϟϭ=Ȥϕİ˓ϯϱЈϋǜµиђо
ϴ4xʴϲЅЇϊǜµхіпϊǜµъјЪϏЈϐϵǜµУёіЫϴϐϢЉϔϲ˯4xϕȦϠ
ЈϯϐϑϜϯϕЋϔϪϧϋΐ
ΐ
èãëà ōİĳ|ĠXÍĝ$®ĠÔĝFoĠq¸à
áåâà ōİĳ|ĠXÍĠřŇŞ¹Çà
иБЖǜϴ̀zϯЫХбǰSϲ͗ϡЈțĽ̸ɖЌ± ΛΔΘΛ ϲɏϡϋиБЖǜϵϊǜµУХЯ
шϴ̮̐ϲЅϪϭ4xțĽњoperatingћϲϱЈϋиБЖǜϵǜϲ̀ɿϕǿ˛ϟϭϐЈϯϊǜǶ
100ΐπɘĒϮЁиБЖǜϴ̻ϕ̀zϲЅЇѐФЗђњradicalћϲϱЈ[133]ϋѐФЗђϯϵЖБ
ђaÙϴ̻ϴʅϕbƀϟϭǧĵzϟϧɅî¢ϴaÙϮϏЇ[134]ϊ̪͐ȶϲ̀zЌs̨
ϡЈ4ȨЌЁϫϋиБЖǜϴѐФЗђϵɆǜɸ4xǜϯƺϴıщЗдЦшϮ̀zЌ̇Ϝϡ
[135]ϋΐ
± ΛΔΘΚΐ ΐǜµУХЯшZϮϴǗƪϝЉϧиБЖǜϲЅЈ4xʴЌˉϡЏЛЯАлЯА±ΐ
 
ʿʟІϵϊиБЖǜϵ 135 πξ500ΐƍ͖$ϴơ&Ϯ̀zϡЈϯѐЭЗјϕȦϠÖЀЈϜϯ
Ќ̀zßáĒ˩Ή[111] Ϯɍ˭ϟϭϐЈϋɆǜɸ4xǜϵϜϴơ&ϮϵѐЭЗјϴȦŁϵ˭
ЀІЉϱϔϪϧϋj̟ϴЅϑϲǓǡϴƀȔµʖϽϧϵЙылЯјУяіϲЅЇȦŁϝЉϧѐЭЗ
јЌϿиБЖǜϵtzțĽњdeterioratingћϲϏЈϋнАђЪϲЅЇѐЭЗјϕ͜ϝЉЉ϶ǅ
ĊϱțĽњNormalћϯ˔ϱϝЉЈϋѐЭЗјϵнАђЪϴŜśʥϱç̓њlacquer elimination 
possibleћϽϮ͜ϝЉЈϋѐЭЗјϕнАђЪϲˁɝϟϭнАђЪĄµϕΊϽЈϯϊнАђЪ͔Â
ϴțĽϯϱЇΑ± ΛΔΘΙ ϴ plug filter with lacquer)ϊиБЖǜϵǜЫХбϯѐЭЗјϲǗƪϝЉϧ
țĽњcontaminatedћϲϱЈϋǜЫХбϲЅЈǗƪϵϊƖʂȶϲǜµУХЯшϴǲǩĒϴ͛Ȭ
AЌ̉ϒϭ4xʴ(malfunction)Ќ̇ϜϟϭЪјчејбų-țĽњξћϯϱЇțĽƿƱ±ϴŚ
ЈʯϐϵCǄϡЈϋΐ
ϱϓῒzıϮȦŁϟϧ̀zȦŁȗњoxidation productsћ[136]ϯѐФЗђϵЖБђϲǿ
˛ϟϭϓЇϊнАђЪЌ̧̰ϟϭǜµУХЯшZЌīȥϡЈϋıĵϕΊϐѐФЗђϵɅî¢
њ1 nsŻƍ͖ћϮϊıĵϴ/ϐѐФЗђϵ 1ΐč$ϴî¢ϕϏЈ[136] [137]ϋѐЭЗјЌȦ
ŁϡЈЅϑϱıĵϕΊϐѐФЗђϵǜϲˁɝϝЉЈϜϯϵõϱϐϯĳЋЉЈϋϧϨϟῒz
ȦŁȗϵǜϲȉʖϝЉЈϜϯϲϱЈϋΐ
± ΛΔΘΛΐ ΐиБЖǜϴțĽ̸ɖЌˉϡțĽƿƱ±ΐ
 
áæâà ōİĳ|XÍĊĨĠ$®ĠFoĠGà
íɪưϵϜϴțĽƿƱ±ϔІíɪưЌóϖ`ϡϜϯϕϮϖЈϋиБЖǜϴǅĊțĽϔІtz
țĽϹϴ̸ɖЌ͙ϙϲϵǜǶЌ ΘΗΗπ$ϲϡЈϜϯϊǓǡϴƀȔµʖЌ͙ϙϜϯϯЙылЯ
јУяіЌ͙ϙϜϯϮϏЈϋѐЭЗјȦŁϴ˓®ϵϊƀȔµʖϯЙылЯјУяіϲЅЇƷɥϱ
ΊǶϴуЭбХхЭбϕϮϖЈϜϯϮϏЈϯʞϒІЉϊϜЉЌ͙ϙϜϯϕíɪϯϱЈϋǓǡϴƀȔµ
ʖϲíϟϭϵ¸͖[122]ϴŦưϴЅϑϲǜϴǓǡЌ̴įaͦˍʛϮЇ͜ϘϜϯϕƗwϯʞ
ϒІЉЈϋЙылЯјУяіϴōgϲϫϐϭϵΊµǜϴ/µ̻Ϲϴ˓ϱŷ`Ќ͙ϙϜϯϮϏ
ЇϊДіФі­̐ϴgĩϲЅЇ̰oϱΊµǜϕȳȦϟϱϐЅϑϲǜµхіп`qЌōϒЈϜϯϮ
ϏЈϋ̻ϴƿɚϮϵϜϴЅϑϱДіФі­̐gĩˍʛϵˍɁϝЉϭϓЇϊиБЖǜϴtzō
gϴϧЀϲЅЇĜϘДіФі­̐ЌōgϡЈƂǠЁʞϒІЉЈϋΐ
иБЖǜϴtzțĽϔІǗƪțĽϹϴ̸ɖЌōϒЈϲϵнАђЪϴç̓ЌŗÍϡЈϜϯϮϏ
ЈϋϜϴнАђЪϲ͗ϟϭϵ̜čЊƟϴŵʴϕ̫ϾϊЫХбŜśʥqϴϯƍϲ͔ÂϽϮ
ϴî¢Ќĕ͒ϮϖЈЅϑϲϱϪϭϐЈ[138]ϋϜϴ ϲЁÌϘϴíɪưЌóϖ`ϡϜϯϕϮϖЈϕ
âȨĵϯwƧϴȏϔІˡ Κʹȼϯϟϧϋΐ
áçâà ōİĳ|XÍĠ\°q¸à
ѐЭЗјȦŁϲíϡЈиБЖǜϴ̀zȦŁȗϴȉʖϴĠͲЌ˳ϺЈϧЀϲϊʿʟІϕˆϪ
ϧĖˣƿƱϴ̀zßáĵϴΊϐ΃£ʦʢ̀ŁДХЯђ½ǜϴĆ˽иБЖǜњSaturated 
Synthetic Ester Bio-OilћϲϫϐϭϴϊнАјђв˩ΉʅƧ[139]Ќ± ΛΔΘΜ ϴâʒϮɏϡῢz
± ΛΔΘΜΐ ΐĖˣƿƱϴнАјђв˩ΉϮϴ΃£ʦʢ̀ŁДХЯђ½ǜϴиБЖǜϯΐ
Ɇǜɸ4xǜϴ̀8 TANϴʄƍÊzΐ
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 
ȦŁȗϴȉĒϴřƻϯϱЈиБЖǜϴ ί΢Ϊњ$ TANћϵϊ3,000 ƍ͖Ќ̉ϒЈϯɆǜɸ4x
ǜϴ5Ȩ͛ȬAњUpper Limit of Acid Number of Petroleum Hydraulic Oilћϲ̜ϘϱЈϋί΢Ϊ
њAcid NumberћϯϵȆȀǜϲϽЉЈ̀ĵŁaϏЈϐϵ̭ͦʦʢ̀ϴ̓ϴřƻϮϊ£ϡ
Јǔ̀zЗёВшϴİ˓̓ϮˉϡϋϜϴ͛ȬЌ̈ϒЈϯῒzȦŁȗϕ͇͉ͬɸ̑щЪђϲ
ϽЉЈ͇Ќʨ΁їǿ˛ϟϭȒ!ϖЌȦϠЈЅϑϲϱЈ[72]ϋϜϴϧЀʿʟІϵ ί΢Ϊ Ќ͛ȬA$
ϲϡЈЅϑϲϊǃāϴƻǽȶϱ΃£ʦʢ̀ŁДХЯђиБЖǜϴЖБђŨƍ͖ϴţÓ
ϵ 3,000 ƍ͖Ǐњˉ ΛΔΐ Ι ȓћϯ˕ƮϲáЀϧϋɆǜɸ4xǜϮϵ±ϴɊʒϮɏϡЅϑϲƈ
ƙϴ TAN ƉϵȦϠϱϐϧЀϊЖБђŨƍ͖ϵ 5,000 ƍ͖ǏϯϟϭϐЈϋиБЖǜϴ̀z
ÇsϕѐЭЗјȦŁϯ͗:ϕϏЈϔЌǂʹϮƵ˟ϡЈϋΐ
ŁДХЯђиБЖǜϵŻљϴǔϕǰSϡЈϯϊsǔa˛ϕ̇ϜЇ TAN ϵÇsϡЈϯ˝Ћ
ЉЈ[140]ϋϟϔϟϊTotten І[130]ϵǜµУясђϱϰϲǰSϡЈǔa̓ϵ 0.1љ$ϯõϱϐ
ϴϮsǔa˛ϵ̇ϖϱϐϯƀáϟϭϐЈϋʿʟІЁƺϲнАјђв˩ΉϮsǔa˛ϵ̇ϖϭ
ϐϱϐʅƧ[139]ЌĨϭϐЈϴϮϊ± ΛΔΘΛ ϲɏϟϧиБЖǜϴțĽ̸ɖϲϵ̀zϴϾЌňϪ
ϧϋΐ
áèâà ōİĳ|>ĠŏįŞłÒ:Ġ	Ġq¸à
ѐЭЗјȦŁϲЅЈнАђЪ͔ÂщЗдЦшϴÕĞĵЌɍ˭ϡЈϧЀϲϊʿʟІϵɆǜɸ4
xǜϯДіФіǜϲϫϐϭϴѐЭЗјȦŁϯнАђЪ͔Âϴ6ϲϫϐϭ˳Ϻϧϋΐ
Ɇǜɸ4xǜЌ5ȨϟϊÍºĖˣƿƱњуБјђєјЫћϴ4xǜнАђЪϴŨƍ͖Ќ
ΘΓΗ00 ƍ͖ϔІÍċϲĕ͒ϡЈнАјђв˩ΉϮϵϊ± ΛΔΘΝ ϴЅϑϲнАђЪϹϴʿϟϐѐЭЗ
ј!ɁЌ˙ëϟϭϐЈϋѐЭЗјϕȦŁϟϧ®ϵƊІϔϮϱϐϋϜϴнАђЪϴȵʵДівп
± ΛΔΘΝΐ ΐɆǜɸ4xǜЌȨϐϧ4xǜнАђЪŨƍ͖ϴĕ͒˩Ήњ4,200ƍ͖ћΐ
ϮнАђЪT1ϲ!ɁϟϧʺʵϴѐЭЗјΐ
 
ѓјбњPlastic End PlateћϯЧђєјХЊƟњFilter Element and Reinforced BandϊƁ¤ϵΎʵћ
ϲʺʵϴтјХбțϴѐЭЗјϕ!ɁϟϭϓЇϊЊƟϵѐЭЗјϲЅЇȼ˪ϽЇϟϭϐϧϋɆǜɸ
4xǜϵ Λ,000ƍ͖!̜ϮЁ ί΢Ϊ ϵ/ϐњ± ΛΔΘΜȓћϴϮϊTANϴÇsϵѐЭЗјȦŁϯ
ϵ͗:ϱϘϊуЭбХхЭб ̘ϮϴѐЭЗјȦŁϲЅϪϭнАђЪ͔ÂϕȦϠϧʥĵϕΊϐϯ
ʞϒІЉЈϋΐ
ϽϧϊʿʟІϵДіФіϮƺϱWϴ®Ќ˛ƊϟϭϐЈ[141]ϋȕȒИХϴɡɿ̀
zȗњNOxћϲЅЇДіФіǜϲѐФЗђϕϮϖϭÌ̓ϴѐЭЗјЌȦŁϟϊƈƙϴнАђЪ͔
ÂϲЅЈДіФі̻¤ϴ̰ÍŮʡϕęϖ̇ϜϝЉϭϐЈϋϜϜϮ5ȨϝЉϧДіФіǜϲϵ
NOx ϲЅЈ̀zϲíϟϭƗwϱ̀z͙Ǆmϕ̼ϝЉϭϐϱϔϪϧϋиБЖǜϕѐФЗђϲ
Ɨwϱ̀z͙ǄmЌϽϱϐϴϯϠțǟϮϏЈϋϜЉІϴѐЭЗјȦŁϲЅЈнАђЪ͔Âϵϊ
± ΛρΘΛ ϲɏϟϧиБЖǜϴțĽ̸ɖЌˎ!ϚЈЁϴϯ˝ϒЈϋΐ

èãìà $®Ġ&×ĺšņĶŀňĝFĠ¹Çà
Ť1ťà SafeMð Ġ]Oà
иБЖǜϴțĽ̸ɖњ± ΛΔΘΛћЌЁϯϲóϖ`ϟϧíɪưЌϊSafeML ЌȨϐϭ4xʴϴ
͝ПіЯЙХбϯVϲˡ̟ϡЈϋϧϨϟϊħƢϴ SafeML ϵː¤ʫ1ϴWϲíϡЈ͝
ǼЌí˺ϯϟϭϐϱϔϪϧ[120]ϋϥϜϮϊʿʟІϵː¤WЌЇňϒЈЅϑϲϊ± ΛΔΘΞ ϲ
± ΛΔΘΞΐ ΐ SafeMLϲ̠sϟϧ˓ɿњʀʵДѓщібћΐ
 	
ɏϡЅϑϲ SafeML ϴ͙ĩ˓ɿњDefence elementsћϯϟϭϫϴʀʵϴДѓщібϮɏϡɅƙ
íɪњShort-term defenceћϊ͒ƙíɪњLong-term defenceϊ$íɪћϱІϷϲɅƙíɪϴw
Ƨϯ¨ͺȏЌŌũϡЈϧЀϴĆÀ˳ƫњField SurveyћЌɅƙíɪДѓщібϲ̠sϟϭŗěϟ
ϧϋϱϓϊɅƙíɪϯĆÀ˳ƫϲϫϐϭϵϜϜϮϵ5ȨϟϱϐϋBiggs І[119]ϵϊˑŻϴíɪ
ưϲϫϐϭȾíȶϮá̓ȶϱßTХПЏњSafety Soreϊ!͏ AȓћЌɬ`ϡЈ˩ϾЌˆϪϭ
ϐЈϋϜϜϮϵ4xʴϹϴíɪϴ̹áϲßTХПЏϴ̶ȨЁ˩ϾЈϋΐ
áæâ! ]Oõ÷ûúñð ĭĈĖ$®Ġ&×ĺšņĶŀňĝFĠ¹Çà
ŗě ήβζεΩΨ ЌȨϐϧ4xʴϴ͝ПіЯЙХбϯíɪưϴˡ̟Ќ± ΛΔΘΟ ϲɏϡϋ± ΛΔ
ΘΘΘΚ ϲˡ̟ϟϧ͝țǟϲíϟϭíɪưЌƵ˟ϟϧʅƧЌˡ̟ϟϭϐЈϋĖˣƿƱȨϯϟ
ϭ̶bϱtzϟЂϡϐиБЖǜϴ5ȨњƯʵϴДѓщіб Unacceptable Bio-oil use in 
hydraulic system for hydraulic excavatorћϵ͝ǼњHazardћϮϏЇϊǜЫХбϲЅЈǜµиђ
оϴ4xʴњ̅ϴДѓщібMalfunction of hydraulic system by oil dustћϵåњHarmћϮϏ
Јϋ͝ǼϴOϵиБЖǜϲϏЈϴϮϊ<<deriveHzd>>ϯϟϭ̪͗!ϚϭɏϟϭϐЈϋ͝țǟ
њΎʵϴДѓщібϊHarm ContextћϯϟϭɏϡϴϵϊŹ͢Ќ̇Ϝϡ͝ПіЯЙХбϮϏЈϋ͝
țǟϵϊиБЖǜϴtzϲЅЇƈƙϲнАђЪϕ͔ÂϟϊǜЫХбϕǜµиђоϴ²ɁϽϧ
ϵŮʡЌȦϠЈϜϯњValve sticking/wear caused by oil dustћϮϏЈϋ͝țǟЌȦϠЈ˓ɿϵǜ
µиђоϲϏЈϴϮϊ<<deriveHC>>ϯϟϭ̪͗!ϚϭɏϟϭϐЈϋíɪњʐϴДѓщіб
<<Long-term defence>>ћϵ͝țǟЌ͙ϙϧЀϴưϮϏЇϊíɪwƧњͬϴДѓщіб
<<DefeneceResult>>ћϲϵwƧϴZçЌW1ȶϲɏϡϋ̅їΎїʐїͬϴДѓщібZϲϵ Μΐʹ
ȼϴЪМAϊϡϱЋϩíɪϴŁrϴɍȡњprobability of successћϊΐ ͝țǟȳȦϴɍȡ
њprobability of occurrenceћϊåȳȦϴɍȡњprobability of harmћϊåȳȦϴɯ°њrangeћϊ
åϴʷ̿Ēњseverityћ[119]ЌˡSϡЈϕϊ˫ʁϵĦ̟ϡЈϋ<<reqDefence>>ϯϟϭ̪͗!
ϚЈßTĵ˓ǖњ˃ƯʵϴДѓщіб<<requirement>>ћЌˡ̟ϟϭíɪưϴÕĞĵЌɍ˭ϡЈϋ
ßTĵ˓ǖϲ<<satisfy>>Ϯ̪͗ϬϚІЉЈíɪȨϴˍʛϯ<<verify>>Ϯ̪͗ϬϚІЉЈ˩Ή
<<testcase>>ϵϊˣ˞̻͓ϯ˩Ή̻͓ϴĹ¿VƗϴϧЀϲЅЇW1ȶϲˡ̟ϡЈϜϯϕǖЀІ
ЉЈϋΐ
иБЖǜϴțĽ̸ɖϔІʞϒІЉЈ½Ɲȶϱíɪϵϊ3oϱΊµǜϴȳȦЌōϒϭуЭбХ
хЭбϴȳȦЌ͙ϙϜϯϊиБЖǜϴ̀zЌ͙ϙϜϯϊϱІϷϲнАђЪϴ͔ÂЌ͙ϙϜϯϮϏЈϋ
ϜЉІϫϴíɪϴW1ȶϱưЌ$ϲɏϡϋΐ
íɪưўѬʐДѓщібΐ (1)Auto engine controllerѭϵϊДіФіgĩϲЅЇ3oϱΊµǜϴщ
БіиђоϴёёјнėюдЭбϔІϴŞ`ЌōϒϭϊЙылЯјУяіЌōgϟѐЭЗјϴȦŁ
ЌǴІϡϜϯϮϏЈϋϜϴíɪưϲЅϪϭϊ/˼ʼƍϴ3oϱǜµЌϛЈњ˃ƯʵДѓщіб
Hydraulic system shall reduce oil pressure at a low load operation ћϯϐϑßTĵ˓ǖϕóϔЉ 
 
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ЈϋϜϴ˓ǖЌǻϧϡϧЀϴДіФі­̐gĩˍʛњblockϊ Engine Controllerћϲϫϐϭϵϊ
ДіФі̎
ЌȨϐϧ˩ΉњMachinery TestћϲЅЇƵ˧ϡЈİ˓ϕϏЈϋíɪϴwƧњͬДѓ
Діб Defence ResultћϵϊнАђЪϴ͔ÂЌ͙ϙϧЀϲϊǜµиђоϴµqЌϛϭѐЭЗј
ȦŁЌǴІϣЈϜϯϮϏЈњReduction lacquer formation by lowering pressure at valve to prevent 
filter pluggingћϋΐ
íɪư ΙѬʐДѓДібΐ (2)Centrifugal air bubble separatorѭϵϊ̴įaͦˍʛ[122]ЌȨϐϭ
ǜǓǡЌ͜ϟϊǜµхіпϮϴƀȔµʖϲЅЈѐЭЗјȦŁЌǴІϡϜϯϮϏЈϋßTĵ
˓ǖϵϊиБЖǜϴ̀zЌ͙ϙϧЀϲǜ̀ɿ̓ЌϛЈϜϯњ˃ƯʵДѓщіб Hydraulic 
system shall reduce O2 content in Bio-oilћϮϏЈϋϜϴßTĵ˓ǖЌǻϡ̴įaͦˍʛ
њCentrifugal Air Bubble SeparatorћϲϫϐϭϵϊЖБђ7ʈСоУХЯшϲЅЈ˩ΉњOil Feed 
Subsystem TestћЌϡЈİ˓ϕϏЈϋíɪϴwƧϵϊиБЖǜϴtzЌōgϟϭǜЫХбϴ̧
̰Ќ͙ϙϜϯϮϏЈњͬДѓщіб Prevention of dust bypassing of filter by reduction of bio-oil 
deteriorationћϋΐ
íɪưΚѬʐДѓщібΐ (3)Improved FilterѭϵϊнАђЪϴЊ̰ĵʥЌŵʴϟϭѐЭЗј͔ÂЌ
͙ϙϜϯϮϏЈϋßTĵ˓ǖϵϊѐЭЗјϲЅЈнАђЪ͔ÂЌ͙ϙϜϯϯϱЈњ˃ƯʵДѓщіб
Prevent filter pluggingћϋϜϴ˓ǖЌǻϧϡƁϟϐЊƟЌšȨϟϧŵʴнАђЪњImproved Filter 
with New MediaћϲϫϐϭϵϊнАђЪ˩ΉϲЅЈƵ˧њFilter Bench TestћЌϡЈİ˓ϕϏ
ЈϋíɪϴwƧϵϊнАђЪϴç̓ЌÇЂϡϜϯϮǜЫХбϴǨ`ЌϝϣϱϐϜϯϮϏЈњͬД
ѓщіб Prevention of dust flowing by increased filter capacityћϋΐ
áçâ! FoĠ\°q¸à
ДіФіϴʫxgĩϮ/˼ʼƍϲ3oϱΊµǜϴµqЌϛϭϊщБіиђоϴёёјнė
ϔІϴΊµǜϴŞ`ЌǴІϣ϶ǜǶϵϕЈϋϟϔϟϊϜЉ$Ëϴǜµиђоű4ϮЁЙыл
ЯјУяіϵȳȦϡЈϴϮwƧϵ͛áȶϮϏЈϋ4xǜϴtzϲϫϐϭ¸͖[122]ϵϊǜǓ
ǡЌ̴įaͦϡЈƂǠϲЅϪϭ4xǜϴ̀ɿ̓ЌǴІϣ϶ῒzıϴ̫ˆЌōgϮϖЈ
ϜϯЌƊІϔϲϟϭϐЈϋϟϔϟϊиБЖǜϴÀϵj̟ϴЅϑϲѐФЗђϴıЌ|aϲōϒ
ІЉЈ̀z͙Ǆmϕ̼ϝЉϱϐϧЀϲῒɿ̓ϕǴϪϧțĽϮЁ̀zıϵ̇ϜЈϯʞϒІ
ЉЈϋϜϴ̴įaͦϲЅЈƂǠϮϵ̀z͙Ǆϴ|aϱwƧϕƙĥϮϖϱϐϋΐ ΐ
нАђЪϲ͗ϟϭϵ̜čЊƟϵŵʴϕ̫ϾϊЫХбϴŜśĵʥϴϯƍϲ͔ÂϽϮϴî
¢Ќĕ͒ϮϖЈЅϑϲϱϪϭϐЈ[138]ϋJIS ǜµȨнАђЪĵʥ˨8ƂǠ[142]ϲЅЈǸáʅƧ
ϮϵϊħƢϴЧђєјХЊƟϵ 20Ѯ30 µm $ϴЫХбЌ 50љ$ŜśϡЈϴϲíϟϭϊƖ
̜ϴИѐХʙʌϲхёпємѓіʙʌϱϰЌǰϤϭŋɼϟϧŵʴЊƟϵ 5 µm $ϴЫХбЌ
50љŜśϮϖЈ[11]ϋϽϧϊŵʴЊƟЌšȨϟϧнАђЪî¢ϵϊǜЫХбϨϚϮϱϘɶəϱ
Ǯ1ϱϰϲíϟϭЁ 2 ?$ϲϱЈϜϯϕ¿ϝЉϭϐЈ[138]ϋϩϱϾϲЧђєјХʙʌϴȽ
 )
ĤϵƖÍ 30µm ϲíϟϭϊŵʴЊƟϴʙʌϴȽĤϵƖÍ 1.0µm ϮϏЈϋϜЉϕЊ̰ĵʥЌŵ
ʴϟϧȤȪϮϏЇϊϜϴwƧϲЅЇѐЭЗјϲЅЈнАђЪ͔Âϕ͙ϕЉǜЫХбϵŜśϝЉϊ
ǜµиђоϴ²ɁЂŮʡЌ͙ϙϜϯϕϮϖЈϋΐ
áèâàBŀĺĮğ7ĚčFĠ{Cà
ˉ ΛΔΝ ϵƛíɪњUndefended Caseћϯíɪưϲϫϐϭϊ± ΛΔΘΟ ϴДѓщібZϲˡ
SϟϧЪМAϔІњΛΔΙћњΛΔΛћϴ˞ɬĘЌȨϐϭɬ`ϟϧßTХПЏњSafety Sore, SSћϯПХб
˨8ϴˉϮϏЈϋϥЉϦЉϴȳȦɍȡϵ/ϐњLow: 1/3ћϊ.њMedium: 2/3ћϊΊϐњHigh: 
1/1ћϴ 3 Ǎ͞ϲ{aїŻAzϟϧϋåȳȦϴɯ°ϵ 0.3љƛǻϴŻњFew: 1/4ћϔІ.
њSomeћϊÌŻњManyћϥϟϭ 10љ$ϴŻњMost: 4/4ћϱϰ 4 Ǎ͞ϯϟϊåϴʷ̿Ēϵϻ
ϯЍϰ̀ȨϕŠϔІϱϐ̻¤ŨϽϧϵǥǩї˳żϮǳϿÀњS1: 1/4ћϊȣÀϮϴ̻¤Ͻϧ
ϵСоУХЯшϴ̻ŨϏЈϐϵa˛ǥǩϕİ˓ϱÀњS2: 2/4ћϊ=ȤĂÀϮϴСоУХ
Яш=Ȥϕİ˓ϱÀњS3: 3/4ћϊϥϟϭ̎
ϴTͯ=ȤϏЈϐϵ̍ϴ˼FŹϕȳȦϟϧ
ÀњήΛΡΐΛΖΛћϴ ΛǍ͞ϯϟϧϋПХб˨8ϵϊŨĵϕϏЇß8њMinimum: 1/4ћϔІôњLowћϊ
њMediumћϥϟϭƁ˕СоУХЯш¤ȯϴ̠sϏЈϐϵ̎1ŵ̩İ˓ϱϰϴÍњHigh: 4/4ћ
ϽϮϴ 4Ǎ͞ϯϟϧϋΐ
 
ΐ 99% $ %8:(; < *(911 %, %84*(91ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΑΛΔΙΒΐ ΐ
ΐ 8:% $ %*(=:1*(5:1>:9:ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΑΛΔΚΒΐ ΐ
ΐ 84% $ %*(=41*(541>494ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΐ ΑΛΔΛΒΐ ΐ ΐ
ϜϜϮϊΐ
SSΐ ΐ ΐ ßTХПЏΐ
Qu ΐ ΐ ΐ ƛíɪϴÀϴ%ßTХПЏ 
Qd ΐ ΐ ΐ íɪϟϧÀϴ%ßTХПЏ 
P(S) ΐ ΐ  íɪϴŁrɍȡ 
P(Ou)ΐ ΐ ƛíɪϴÀϲ͝țǟњContextћϕ̇ϖЈɍȡ 
P(Hu)ΐ ΐ ƛíɪϴÀϲåњHarmћϕ̇ϖЈɍȡ 
Ru ΐ ΐ ΐ ƛíɪϴÀϴåϕ̇ϖЈɯ° 
Su ΐ ΐ ΐ ƛíɪϴÀϴåϴʷ̿Ē 
P(Od)ΐ ΐ íɪϟϧÀϲ͝țǟϕ̇ϖЈɍȡ 
P(Hd)ΐ ΐ íɪϟϧÀϲåϕ̇ϖЈɍȡ 
Rd ΐ ΐ ΐ íɪϟϧÀϴåϕ̇ϖЈɯ° 
Sd ΐ ΐ ΐ íɪϟϧÀϴåϴʷ̿Ēΐ
ƛíɪϴÀϵϊ͝ПіЯЙХбZϴЪМAЌˡSϡЈϜϯϲЅЇßTХПЏϕ 0.3750 ϯʫx
 
ȶϲ˞ɬϝЉϭåДѓщібZϲˉɏϝЉЈϋíɪư1ϴДіФі­̐gĩϴßTХПЏϵϊ
íɪњʐДѓщіібћϯϥϴíɪwƧњͬДѓщібћϲˡSϟϧЪМAЌњΛΔΙћњΛΔΛћĘϲЅЇ
˞ɬϟϭϊßTХПЏ 0.3333 ϴAЌĨϧϋíɪư 2 ϴ̴įaͦƿϴßTХПЏЁϊíɪϯϥϴ
íɪwƧϲˡSϟϧЪМAϔІƺϲ˞ɬϟϭßTХПЏ 0.0741 ϯϱϪϧϋíɪư 3 ϴнАђ
ЪŵʴϴßTХПЏЁϊíɪϯϥϴíɪwƧϲˡSϟϧЪМAϔІƺϲ˞ɬϟϭßTХПЏ
ϵ 0.0000 ϯƖôAњwƧϕΊϐћϯϱϪϧϋЪМAϴǙáϵϊĦ̟ϴŊˇȶƵ˟ϴʅƧϲ½Ϭ
ϐϭϐЈϋПХб˨8ϲϫϐϭϵϊДіФі­̐gĩϕϡϮϲ̻ϴƿɚϮšȨϝЉϭϐϧϧ
ЀϊПХбϵôњSmallћϯ˨8ϟϧϋ̴įaͦƿϵǜµЪіЛϴƁ˕ˣ˞ϕİ˓ϮϏЇ[143]ϊ
̻ϴƿɚ$ËϲϵšȨϝЉϱϐϧЀПХбÍњGreatћϯ˨8ϟϧϋŵʴнАђЪϵϊЊƟĜĒϴ
͗:ϔІħƢнАђЪϯϴŨĵϕϱϐϧЀПХбϵƖôњminimumћϮϵϱϘôϯϟϧϋΚ ϫϴ
íɪưϴϮнАђЪŵʴϕϊƖЁßTХПЏϴŻAϕôϝϘß8ϮϏЈϧЀŵʴнАђЪϴ
šȨϕǙáϮϖЈϋϧϨϟϊßTХПЏϨϚϮdáϡЈϴϮϵϱϘϊϥЉϦЉϴíɪưϲϫϐ
ϭЁfå͗:ʟϯƵ˟ϟϭǙЀЈϜϯϕ́˓ϮϏЈ[119]ϋΐ
áéâà FĠ\°ĞAPVĠ¾à
ДіФі­̐gĩϵ̻ƿɚϮϵϡϮϲšȨϝЉϭϐϧϕϊиБЖǜϲЅЈ4xʴϲí
ϟϭϵĠͲϕϱϔϪϧϯţáϝЉϧϋ4xǜϴ̴įaͦϲЅЈǓǡ͜ˍʛϵj̟ϴЅϑϲĖ
ˣƿƱϴ̻ϴƿɚϲšȨϝЉϭϐЈϕϊĖˣƿƱȝșϴÍϖϱǨ̓ϴϧЀϲǜϴǓǡ
ϕ|aЇ͜ϚϱϐϜϯϕřŭϝЉϭϐЈΰΘΙΙαϋΐ
ʿʟІϵ̜čĖˣƿƱϴЖБђŨƍ͖Ќĕ͒ϡЈϧЀϲŵʴЊƟϴнАђЪЌšȨϟϧϋ
ŵʴнАђЪϴšȨϮƙĥϝЉϧwƧϵϊǜЫХбЌЅЇÌϘŜśϟϭ͜ϡЈϜϯϲЅЇϊЁ
ϯЁϯ̀zßáĵϕΊϐɆǜɸ4xǜϴЖБђŨƍ͖Ќĕ͒ϡЈϜϯϮϏϪϧϋŵʴнАђΐ
ˉ ΛΔΝΐ4xʴϴíɪưϴЪМAϊßTХПЏϯПХб˨8ϴǑ̓ΐ
No. Countermeasure Plans
Probability 
of Defence 
Success, S
Probability  of 
Context 
Occurring, 
P(Ou) or 
P(Od)
Probability  
of Harm 
Occurring,  
P(Hu ) or 
P(Hd)
Range of 
Harm, Ru or 
Rd
Severity of 
Harm,  Su or 
Sd
Safety Score, 
SS
Cost 
Evaluation
0 Undefended Case -
   High       
(1.0000)
   High       
(1.0000)
    Many         
   (0.7500)
S2              
(0.5000)
0.3750 -
1 Auto Engine Controller
  Low         
(0.3333)
  High         
(1.0000)
 High       
(1.0000)
   Some         
(0.5000)
S2              
(0.5000)
0.3333
Low       
(0.5000)
2
Centrifugal Air Bubble 
Separator
  Medium    
(0.6667)
  Medium    
(0.6667)
 High       
(1.0000)
Few          
(0.2500)
S2              
(0.5000)
0.0741
High        
(1.0000)
3 Improved Filter
   High       
(1.0000)
  Low         
(0.3333)
 High       
(1.0000)
Few          
(0.2500)
S2              
(0.5000)
0.0000
   Low        
(0.5000)
 
ЪЌšȨϟϧƿɚϯħƢнАђЪЌšȨϟϧƿɚϲϫϐϭϊϥЉϦЉ Ι č͖ϴиБЖǜϲ̇®
ϡЈǜµиђоϴ4xʴϴȳȦȡЌǑ̓ϟϧʅƧЌˉ ΛΔΞ ϲɏϡϋħƢнАђЪϴƿɚϮ
ϵčČ¹ ΘΗΕΜ ϮϏϪϧϕϊŵʴнАђЪϴƿɚϮϵ ΘΕΛ ƛǻϮϏϪϧϋϜЉϲЅЇŵʴЊ
ƟнАђЪϕϊиБЖǜϴ4xʴϲwƧϕϏϪϧϜϯϕˎ!ϚІЉϧϋϽϧϊßTХПЏϲЅ
ЈíɪϴǙáϕ̶bϮϏЈϜϯϕˎ!ϚІЉЈϋΐ

èãíà ĥĝĦà
ǃāϮϴĖˣƿƱϴиБЖǜϴ5Ȩʝyzϴ˕gϲíıϟϭϊпєФГЛбЬјшǧxϲ
ЅЇ/¤̃ϴиБЖǜϲíϡЈɅƙíɪϯϊǜµСоУЯшϴŵʴЌˆϑ͒ƙíɪЌƃϟϧZ
çЌ̟Ϻϧϋϱíɪϵǂϴ̧ЇϮϏЈѢΐ
Ʌƙíɪϯϟϭϊΐ
•! иБЖǜϴ5ȨцдэЏђЌ}čϮ4ŁϟϭϊюјТϲɃІϟЀϧϋΐ
͒ƙíɪϯϟϭϊΜč$ZϮǂϴСоУХЯшЌŵʴϟϭ̥ǂƁºĖˣƿƱϲū̔ϟϧϋΐ
•! Ɓϟϐ̑ϚƟžϴšȨϯ̑ϚċЌŵʴϟϧǜµхіпϊǜµъјЪΐ
•! ƁоѓјЙƟžЌȨϐϭŵʴϟϧ·̎оѓјЙΐ
•! РшƟžЌŵʴϟϧǜµујХΐ
•! РшƟžЌŵʴϟϧУјђ̻¤ЌȨϐϧǜµУёіЫΐ
•! ͙͌_ȤЌϟϧŵʴǜµЪіЛΐ
•! ĂÀϮϴиБЖǜϴPÄΐ
ϟϔϟϱϕІϊ̪ϴíɪĦЁ4xʴϴ¨ͺϕ̇ϖϭϐϧϋϜϴƛ˛ǙϴиБЖǜϴ¨ͺ
ϲϫϐϭϊУХЯшЦДіФдЏёіМЏпєјЬϲ½Ϭϖ SysML ЌȨϐϭǜµУХЯшϴŚ
ЈʯϐЌˡ̟ϟϭϊиБЖǜЌ̇®ϯϡЈ4xʴϲʭЈщЗдЦшЌ˛ƊϟϧϋϜϴщЗдЦ
шϯиБЖǜϴțĽ̸ɖϲЁϯϬϐϭ4xʴϴíɪưЌóϖ`ϟϊŗě SafeMLЌȨϐϧˡ
̟ЌˆϐϊßTХПЏЌɬ`ϟϭíɪЌ̹áϟϧϋĨІЉϧʅƧЌϽϯЀЈϯǂϴϯϓЇϲϱЈϋΐ
ˉ ΛΔΞΐ нАђЪŵʴjĦϴ̎
Ϯϴ4xʴϴȳȦ&ŻϴǑ̓ΐ
Annual Average Numbers of Valve 
Malfunction Occurrence
Machineries Adopted 
Previous Filter
10.5
Machineries Adopted 
Improved Filter
< 1.4
 
ўћΐ ƛ˛ǙϴиБЖǜϲЅЈ4xʴϴ®ЌǂϴЅϑϲ˛ƊϮϖϧϋΐ
•! иБЖǜϵǜµхіпϮϴǓǡϴƀȔµʖϯϊщБіиђоϮϴЙылЯјУяіϲЅЇ
ѐЭЗјϕȦŁϝЉЈϋΐ
•! ȦŁϟϧѐЭЗјϵнАђЪϲǂɧϲ¾ɝϟϭнАђЪЌ͔ÂϝϣЈϋ͔ÂϟϧнАђЪ
ϮЊ̰ϝЉϢϲǨЉϧǜЫХбϕǜµиђоϴ²ɁϽϧϵŮʡЌ̇Ϝϟϭϊǜµи
ђоϴ4xʴϕ̇ϖЈϋΐ
џћΐ Κ ϫϴíɪưϊДіФі­̐gĩϊ̴įaͦˍʛϊŵʴнАђЪЌóϖϊßTХПЏЌɬ`
ϟϧϮϊƖЁwƧȶϮß8ϱŵʴЊƟнАђЪϲЅЈíɪЌ̹áϡЈϜϯϕϮϖϧϋΐ
à à
 
 éà ¦Eà
ƝɣϮϵϊϽϢĖˣƿƱщјЗϴħƢϴ͕ȳϴʃϾϯŹ͢íɪϴƂǠϲϫϐϭ̟ϺϊУ
ХЯшЦДіФдЏёіМϴЏпєјЬϕİ˓ϲϱϪϧϜϯЌ̟ϺЈϋϽϧϊħƢϴŹ͢íɪϴ
ƂǠЌ{aϟϭȼřϡϺϖíɪϴƂǠЌƊІϔϲϟϭϊϜЉЌâȣϡЈϧЀϴĖˣƿƱщјЗ
ϴɻǅǜͽϲЅЈщіЯгіХЌ˵ϠЈϋǂϲϊɧ Κ ɣϯɧ Λ ɣϮ̟ϺϧȆȀǜͽϲ̇®ϡЈ
Ź͢ϹϴíɪЌУХЯшЦДіФдЏёіМϴ˖ȏЅЇ˵ϠЈϋϜЉІУХЯшЦДіФдЏёі
МЌȨϐϧŹ͢ϴ˛ƥϯíɪϴƂǠϕϊʱƿƱˍʛϴΆxУХЯшϏЈϐϵ ϴˑͥУХ
ЯшϲЁıȨϮϖЈϜϯЌ̟ϺЈϋΐ

éãåàTjĠNºupŘţĴĠ|ÜğÅ3ĔĪcØĢĠFğęĈěà
ƝɮϮϵϊħƢϴĖˣƿƱщјЗϮˆЋЉϭϐЈ͕ȳϴаТБіѓлэјϴʃϾϲϫϐ
ϭ̟ϺЈϋǂϲϊ̮ȨХЯјФϮˆϱϪϧȆȀǜϲ̇®ϡЈŹ͢ϴíɪЌ{aϟϭϊƖЁƗw
ϱŹ͢íɪϯϟϭϴĖˣƿƱщјЗϴɻǅǜͽЌȨϐϧщіЯгіХÒɹϲϫϐϭ̟ϺЈϋΐ
áåâ! NºupŘţĴĠŇĽİšşŎśţ MĭĒĖ|ÜĠÓĝcØFĠ¿Ûà
ĖˣƿƱщјЗϵϊ19631981 čϲЋϧЇõ̓Ì¤ɚϴː¤ЌwȡʴϘ͕ȳϡЈϧЀϲ±
ΜΔΘ ϴ§¤͕ȳϴаТБіѓлэјϴʃϾњ$аТБіѓлэјgĒћЌɍɢϟϭϐЈ
[144]-[147]ϋ±ϴ*˸1ϴǀϲɏϡĖˣƿƱщјЗϴаТБіѓлэјgĒϵϊcƙϴУ
ХЯшЦДіФдЏёіМϴʞϒϕóSϝЉϧϋƖǨϮϵ͒ƙϴ§¤łȮT1ϴЪјОЭб
ϯϱЈ QCDњQuality, Cost, DeliveryћЌǙЀЈłȮƵ˟*ϕϏЇϊϥϴǂϲ§¤(ȫƵ˟*Ϯ
§¤ϲϫϐϭϴłˇЌǙЀϭϊ̪ϴ˨8*њA, B, C, DћϲЅЇ͕ȳʊʋϴЌŔĞʟ
ѓсђϴ˨8¥ϕ˨8ϡЈϋƖcϴУХЯшЦДіФдЏёіМϯϝЉЈɲ̏˕Ʈ499A[148]Ќ
ĖˣƿƱȨϲȳøϝϣϧЅϑϱZçϮϏЈϋ§¤(ȫƵ˟*ϵ System Concept Review (SCR)
ϲȾĞϟϊ˨8* A ϵ Preliminary Design Review (PDR)ϊ˨8* B ϯ C ϵ Critical Design 
Review (CDR)ϊϽϧϵ Acceptance Review (AR)ϮϏЇϊ˨8* DϵƖʂϴ Acceptance Design 
Review (AR)ϲȾĞϡЈϋаТБіѓлэјgĒϮϵː¤ϴ¤̃ȼƻϊ˓ǖƿʥ¤̃ø͕
њQFDћϊFMEAϊƆɘϊ͕ȳϴ QCDϊ¤̃ɍ˭ƂǠϊșˤϊßTĵϱϰϯVϲϊʿʟІϕ̠s
ϟϧȥÆ;Tϴ˙ȏ[35]ϔІЁ˨8ϕˆЋЉЈϋϜϴgĒϮϵϊ̮ȨХЯјФϮϴŹ͢Ќ͙ϙ
ϧЀϴÕĞĵɍ˭ϕ́˖ϝЉЈϋΐ
̰ϊϜϴgĒϴí˺ϵĖˣƿƱϊ˓ПіхјеібϯǜµУХЯшϲ͛áϝЉϭϐϧϕϊ
ʿʟϵȆȀǜͽϴ͕ȳϲcЀϭƝgĒЌfȨϟϧϋj̟ϟϧиБЖǜϲЅЈŹ͢ϴíɪϵƝ
gĒϴ̶Ȩ6ϮϏЇϊTɐȶϱпєФГЛбЌɢϩϛϭíɪЌţ̫ϡЈϜϯϕʥϯϱϪϧϋ
ϧϨϟϊĖˣƿƱщјЗϴаТБіѓлэјgĒϵϊ̜čϴУХЯшЦДіФдЏёіМϕšȨ
ϝЉϭϐЈ˥ϮϵϱϐϋϜϴаТБіѓлэјgĒϮϵƊɍϱ͞úzϴʞϒϵϱϐϧЀϊŔĞ
 
ʟϕʍʜȶϱ˛ƥϯƵ˧ЌϡЈϜϯϲϱЈϋϥϴϧЀϊȆȀǜͽϲ̇®ϡЈŹ͢Ϲϴíɪϵϊ
FTAϽϧϵ FMEAϱϰϴŅǠЁȨϐϭϵϐЈϕϊʄΉϯ͒ƍ͖ϴ˩ˆ͎˯ϴuqϕİ˓ϮϏ
ЇwȡȶϮϵϱϐϋƛ˛ƊϴŹ͢щЗдЦшϽϧϵƛ˛ǙϴŹ͢ϕǋЈϜϯЁϏЈϋϟϔЁϊŹ
͢íɪϵϊ͕ȳϯϵȰϱЇŁƧϯϵ˭ЀІЉϱϐϋϜϴЅϑϱʤƏϔІϊŹ͢íɪϲϵБжсј
ЯАоϱÊͰϕ˓ǖϝЉϭϓЇϊУХЯшЦДіФдЏёіМЏпєјЬϕİ˓ϲϱЈȤȪϮϏ
± ΜΔΘΐ ΐĖˣƿƱщјЗϴ 1990č#ϴаТБіѓлэјgĒϴʃϾΐ ΐ
Žȟ[147]ϔІ̐̔ΐ
 
 
Јϋ 
Ťæťà cØĢĠFeĠÜΐ
̮ȨХЯјФϲϓϚЈŹ͢ϴȳȦϵϊĖˣƿƱщјЗϴ=Ȥ̀ȨŴŇϐϨϚϮϱϘϊŹ͢
ϴɘĒϕǯhϱÀϲϵюјТϔІ)ƶˏMϕǖЀІЉϭϊòƢϲЋϧЇĖˣƿƱщјЗϔ
Іϴ̄Sϕ̺ϚІЉЈϓϥЉϕϏЈϋϜϴϧЀϊ̮ȨХЯјФϮϴíɪϵХмјвϯìϝϕǖ
ЀІЉЈϋȆȀǜͽϲ̇®ϡЈŹ͢ϲϫϐϭϊħƢâƃϟϭϖϧíɪƂǠϵϊˉ ΜΔΘ ϴЅϑϲ
Κ̧ЇϮϏЈϋΐ
íɪƂǠњCountermeasure TypeћA ϵϊюјТϕ5Ȩϟϭϐϧ/¤̃ϴȆȀǜͽϲ#ϒϭ
ɻǅǜͽЌȨϐЈњTo use genuine lubricantsћϜϯϮϏЈϋíɪaͽ AϵϊƖЁƈϘɍâ(Short-
term but Long-term)íɪƂǠϮϏЈϋϟϔϟϊħƢϵǫËюјТϹϴɻǅǜͽϴ7ʈϕϮϖϱ
ϐ¨ͺϕϏЇϊюјТϲɻǅǜͽϴ5ȨϨϚЌ˓ǖϡЈϜϯϵȝɒǠϱϰϲŒ˜ϡЈϓϥЉ
ϕϏЈϧЀϊǫËϮϵâƃϝЉϭϐϱϔϪϧϋϽϧϊŹ͢aͽ ΦϲϵwƧϕϱϐϋΐ
íɪƂǠ B ϵϊ/¤̃ϴȆȀǜͽϲíϟϭ̻¤ϽϧϵПіхјеібЌŵʴϡЈњTo 
improve a parts or a component against a hazardous lubricantћϜϯϮϏЈϋŵʴϲİ˓ϱƙ͖Ϯϊ
ɅƙíɪњShort-termћϯ͒ƙíɪњLong-termћϲaϚІЉЈϋϜϴíɪϮϵϊПіхјеібϴ
ʠĵϲ͗ϟϭ̰o¤̃ϲϱЈϓϥЉϕϏЈϋâ6ϵϊΚΕΘ ɮϴ/¤̃ДіФіǜϲЅЈŹ͢
ϹϴíɪϯϟϭϴДіФіŵʴϯϊΚΕΙ ɮϴ]ǔУјђϴŹ͢ϹϴɅƙϯ͒ƙíɪϊΛ ɣϴ
иБЖǜϲЅЈǜµУХЯшϴŹ͢Ϲϴ͒ƙíɪϮϏЈϋΐ
íɪƂǠ C ϵϊșáϴПіхјеібϲíϟϭ͝ϴϏЈȆȀǜͽϴ5ȨЌɒǄϡЈњTo 
prohibit use of a hazardous lubricant,ћϊϏЈϐϵюјТϕSŅʥϱĆ˽ϴȆȀǜͽϲϫϐϭ
Ź͢ЌȦϠϱϐ5Ȩơ&ЌţÓϡЈњto recommend lubricants with proper operating conditionsћ
ϜϯϮϏЇϊɅƙϴíɪϮϏЈϋϜϴâ6ϵϊΛ ɣϴиБЖǜϲЅЈǜµУХЯшϴŹ͢ϹϴɅ
ƙíɪϴиБЖǜϴ5ȨцдэЏђϮϏЈϋΐ
ˉ ΜΔΘΐ̮ȨХЯјФϮϴȆȀǜͽϲ̇®ϡЈŹ͢ϲíϟϭâƃϟϧíɪƂǠϴɚͽ 
Hazard
Hazardous
Context
Harm
A To use genuine lubricants. No No No Short but
Long-term
II
B To improve a parts or acomponent
against a hazardous lubricant.
To be
Existed
No No Short-term and
Long-term
I & II
C To prohibit use of a hazardous
lubricant, or to recommend lubricants
with proper operating conditions.
To be
Existed
To be
Existed
No Short-term II
Failure
Classi-
fication
Counter-
measure
Type
Countermeasure Method
Condition after Countermeasure
Term
 	
ϜϴƂǠϴϮϵϊɻǅǜͽЌȨϐЈíɪƂǠ A ϴǫËϮϴâƃϕƖЁİ˓ϯϝЉϭϐϧϋΐ
Ťçťà |ÜğÅ3ĔĪcØĭÕĎĖĦĠNºupŘţĴĠ¤w|ÜğħĪŘšņŊšŀ@£à
/¤̃ϱȆȀǜͽϲЅЈŹ͢aͽ ΦΦ ϲíϟϭϵϊɻǅǜͽЌȨϐЈíɪƂǠ A ϵwƧϕ
ΊϐϕϊɻǅǜͽЌǫËT·¼ϲЁƎϡЈϜϯϕİ˓ϮϏϪϧϋϥϴϧЀϊСјлХ̻͓ϕ
įϲϱЇϊʿʟϊ̄˿̻͓ϊ§¤(ȫ̻͓ϕпєФГЛбЬјшЌʃЍϮϊǫËɆǜщјЗϯ
V͕ȳÒɹЌʅϷ[149]ϊ2000 čЅЇ	ȬϹϴМєјиђɻǅǜͽϴ7ʈϯϊ³ZËĂ
ÀϹϴɻǅǜͽϴPÄЌÖЀϧϋɻǅǜͽϵj̟ϴаТБіѓлэјgĒϲЁϯϬϐϭ͕ȳ
ϟϭϐЈϧЀϊǫËСјлХ̻͓ϯǫËĂÀϲŒŏϱϘϚSЉІЉϧϋɻǅǜͽϕƎϟϱ
ϔϪϧeϴȤȪϯϟϭϊĖˣƿƱϕûϲSЇ̙ЍϮ4ƶϟϭϐЈϧЀϊɻǅǜͽϴ̢̼̀
ȨϕϔϝϿϜϯϕϏϪϧϋΐ
̜čϊĖˣƿƱϲЯѓцЯАЭЛХ[150]ΐϕū̔ϝЉЈϯϊϜϴпєФэДЛбЬјшϴǧxЌ
½ϲЯѓцЯАЭЛХЌfȨϡЈɻǅǜͽЌȨϐϧщіЯгіХÒɹϴƹĺϕ4ІЉϧ[151]ϋ
ϜϴщіЯгіХÒɹϲϫϐϭϊ± ΜΔΙ ϴ;ã8A̪͐aƥ±[152]њCustomer Value Chain 
AnalysisΡΐ$ CVCAћЌȨϐϭɏϡϋɻǅǜͽϵϊȆȀǜŊˇ̻͓њLubricants Engineerћϯ
± ΜΔΙΐ ΐ ЯѓцЯАЭЛХЌȨϐϧɻǅȆȀǜͽϲЅЈщіЯгіХϴ CVCA±
 

МєјиђɆǜщјЗњGlobal Genuine Lubricants ManufacturesћϕV͕ȳϟϭϊϥϴ˩4ǜ
њTrial LubricantsћϲϫϐϭПіхјеіб͕ȳ̻͓њComponent DevelopmentћϕƵ˧ϯÕĞ
ĵɍ˭ЌˆϑϋɻǅǜͽϕàŁϡЈϯϊĖˣƿƱщјЗϴ³ZËĂÀњGlobal FactoriesћϮT
ϭϴȦȧ̎
ϲPÄϝЉЈϋСјлХ̻͓њServiceћϵϊĖˣƿƱϴ˽ÉϯƍϲюјТϯщ
іЯгіХÒɹњMaintenance ContractћЌʅϷϊɻǅǜͽЌȨϐϧżEњMaintenance using 
Genuine LubricantsћЌâƃϡЈ[153]ϋTϭϴ̻͓ϮЯѓцЯАЭЛХЌȨϐϭĖˣƿƱϴ.ʛϊ
̮̐ƍ͖ϊŹ͢ϱϰϕŌũϮϖЈϴϮϊżEϽϧϵ=Ȥϲİ˓ϱ̻¤ϯɻǅǜͽњGenuine 
Parts and LubricantsћЌŘϪϭɅƍ͖ϮȣÀϲΆϚϫϚЈϜϯϕϮϖЈϋǫËюјТϹϴɻǅ
ǜͽϴ7ʈђјбϕϮϖϧϜϯϊюјТϲɻǅǜͽϴ5ȨЌĜϐЈϜϯϮϵϱϐϧЀϲÒɹϕ
âȣϟϭϐЈϋϜϴщіЯгіХÒɹϴЁϑϫϴȤȪϵϊŞ`ИХ˕gϲ̶ϡЈˑͥϱĦ
_ȤˍʛϴáƙȶϱщіЯгіХϕİͶϲϱϪϧϧЀϮϏЈϋΐ
ϜϴÒɹϲЅЇɻǅǜͽϲЅЈíɪƂǠ A ϕâƃϝЉϧϧЀϊŹ͢aͽ II ϴŹ͢ϵǴЈϜ
ϯϕƙĥϝЉЈϋ̜čϊ	ȬϴÌϘϴĖˣƿƱщјЗϕЯѓцЯАЭЛХЌóSϟϭϓЇϊɻǅ
ǜͽϴ˽ÉЁÖЀϭϐЈϧЀϊϜϴЅϑϱɻǅǜͽЌȨϐϧщіЯгіХϴƂǠϕƎϡЈϯ
ʞϒІЉЈϋΐ
ΐ
éãæà ľŀņŗŁĲšĿŋĮŝšĸĮőŠţńĊĨĠcØFĢĠ¦à
áåâà1ÄĠ¢5²ĲšĿš|ğħĪĲšĿšČĠ¶kğęĈěĠ¦EŤçãå  )ťà
ĖˣƿƱщјЗϵϊ͕ȳ̦³Ϯ/¤̃ϴȆȀǜͽϕÌϘ5ȨϝЉϭϐЈϜϯЌ˭˷ϟϭ
ϐϧϋϟϔϟϊɲ³ːДіФіǜϕ³ZДіФіǜЅЇϵЈϔϲ/¤̃ϮϏЈϜϯϵĺЁϮϖ
ϱϐϜϯϮϏЇϊϜϴϧЀϲ®ϴ˛ƥϯíɪϕ̬ЉϧϴϮϏЈϋУХЯшЦДіФдЏёіМЏ
пєјЬϔІϵϊɲ³ϮϴођвјТϴÕĞĵɍ˭ϕ̊ϟϭϐϧϯřŭϮϖϊĖˣƿƱщј
ЗϴÕĞĵɍ˭ϴƂǠϵ[Ƶ˟ϝЉЈϺϖϮϏЈϋɲ³ϴ̻ɆǜщјЗϵϊаАјШђДі
ФіǜϴĆÀϲϓϐϭΊ˼ʼϱођвјТϴ5ȨŻϵõϱϐϧЀϊођвјТϲЋϣϭ
аАјШђДіФіǜϴ¤̃Ќ̰oϲϛЈϜϯϵϮϖϱϐϯ˰ƊϟϭϐϧϋϜϴϧЀϊȆȀǜ
ͽϲ̇®ϡЈŹ͢Ќ͙ϙϲϵϊĆÀϲϏЈȆȀǜͽϴϔІƖ/¤̃ϴȆȀǜͽЌ̹ϷϊϜ
ЉϲЋϣϭĖˣƿƱЌŵʴϡЈϔϊϏЈϐϵюјТϲɻǅ̻¤ϴȆȀǜͽЌ5ȨϟϭЁІ
ϑƂǠϟϔϱϔϪϧϋĖˣƿƱщјЗϴДіФіϴ͕ȳϮħƢšȨϟϭϐϧϴϵjʟϴƂǠϮ
ϏЈϋΐ
УХЯшЦДіФдЏёіМϴ SysMLϴțĽƿƱ±ЌȨϐϭϊДіФіZ̻ϮϴДіФіǜ
ϴțĽ̸ɖЌˡ̟ϡЈϜϯϮϊДіФіǜϴǱsmϴŚЈʯϐϲϫϐϭǯϘƵ˟ϮϖЈϜϯϕ
ЋϔϪϧῢz͙ǄmϯǲǩmϴHϖϕЖјиѐЭпϟϭϐϱϐϜϯϕЋϔЈϋуЭбЬэјо
ЯХбϕϊȕȒơ&ϕÍϖϘȰϱЈŞ`ИХ˕g$jϴДіФіϲíϟϭЁϊȣ¶ϴƖʂŞ`
 
ИХ˕gДіФіϲíϟϭЁfȨϮϖЈϴϵ̀zϮϵϱϘϊǲǩĵϨϚЌ˨8ϟϭϐЈϧЀϮ
ϏЈϋȕȒơ&ϲ͗ϟϭŞ`ИХ˕g$jϯƖʂŞ`ИХ˕gĦЌǑ̓ϡЈϯϊȕžϴɋ
Ύaϕ 5,000 ppmϔІ 10 ppmϲǴЇ[11]ϊ̣ϲŞǓ[īȥњEGRћϴšȨϲЅϪϭSɠǓ
ϴɡɿ̀zȗ̓ϵÇsϟϭϐЈϋĦϵϊ/ȕ̀ДіФіǜϴ͕ȳϱϰϲțĽƿƱ±ЌȨϐ
ϧŊˇƵ˟ϵġɢϫϯĳЋЉЈϋ 
мХбіёііМϴŚЈʯϐЌ SysML ϴЏЛЯАлЯА±ЌȨϐϭˡ̟ϡЈϜϯϲЅЇϊʠȔĵ
ϴ/ϐДіФіǜϮϴмХбіёіМϴ²ɁϲʭЈщЗдЦшЌţáϮϖϧϕϊĦϜϴЏЛЯА
лЯА±ϲ½ϬϐϧмХбіёіМϴŚЈʯϐЌϊДіФіЌȨϐϧâΉϲЅЇƵ˧ϡЈϜϯϕŊ
ˇ̫ǆϴϧЀϲİ˓ϮϏЈϋȣ¶ϊƺόϱğĘϴмХбіёіМϕϏЇϊȕ̀/ǴϽϧϵЖБђ
ǭ̀ϴiǴϲ5ϐaϚІЉϭϐЈϕϊϽϨŊˇϕàʅϟϭϐЈ˥ϮϵϱϐϋЙјХбіğϮѐЭ
ЗјϕŞ`ϝЉЈϜϯϵʄΉȶϮϏЇϊSysML ЌȨϐϧщЗдЦшϴˡ̟ϲ½ϬϐϭДіФі
˩ΉЌȨϐϧǸáϲЅЇϊȤ˵ЌƹɰϮϖЈϯʞϒІЉЈϋмХбіёіМϴˉͯ_ȤϲЅЇϊѐЭ
Зј!ɁЌ͙ϙƂǠЁϊЏЛЯАлЯА±ϔІóϖ`ϣЈϋȆȀǜϲ̇®ϡЈДіФіŹ͢Ϲϴ
íɪϲϵЏЛЯАлЯА±ЌȨϐЈϜϯϕİ˓ϮϏЈϋΐ
áæâàDAR Ġ[ĭUĒĖĲšĿšŒŅŉĵŀĹŅňĠyľţŞĠcØ¶kĝFğęĈěĠ¦E
Ťçãæ  )ťà
рЭвИХНЭбȨǔУјђϵϊɅƍ͖ϴДіФі˩ΉϮ]ǔȂЉЌ̇ϜϟϭϐЈϕϊ
ϜЉϕ͕ȳХЯјФϮȳ˔ϝЉϱϔϪϧȤȪϵǂϴ̧ЇϮϏЈϋϜϴΊ`qДіФіϵϊĖˣ
ƿƱȨϲQˆϟϭȳͩƿȨϓЅϷʳʲȨϯϟϭДіФіϕ͕ȳϝЉϊДіФі˩ΉϨϚ
ϲЅЈÕĞĵɍ˭ϕˆЋЉϭϐϧϋϜϴДіФі˩ΉϮϵϊʷ̿ĒЌÇϡϧЀϲ^Ǯ
ЌȨϐϢ˩ΉȨϴɵĸǔњʨ΁ĵБЖіЌÌ̓ϲϿǔћЌ5ȨϟϧϋϥϴϧЀϊΊ˼ʼ̮̐
ƍϲ]ǔȂЉϕȦϠϧÀϮϵϊȂЉϧ]ǔϵрЭвИХНЭбË ϮTϭˀȳϟϭȲ̋
ϵǋІϱϐϋϜЉϲЅЇ]ǔȂЉϕƵ`ϝЉϱϐțǟϕȦϠϧϋ̧Ċϴ5Ȩơ&Ϯ^Ǯ
ϕ5ȨϝЉϭϐЈÀϲϵϊДіФіϔІȂЉЈϯ^ǮϴŁaњМёПјђћϵϊДіФі
Ɲ1ϴȔϲЅЇ̀zϟϭΏʵϴ!ɁȗϲϱЈϧЀϲȂЉϕçƋϲȳ˔ϮϖЈϋƵ˧ϯÕĞĵ
ɍ˭ϴϧЀϴ˩ΉϮϵɅƙ͖ϮʅƧЌ`ϡϧЀϲϊʷ̿ĒЌÇϡϜϯϕNQϝЉЈϕϊʷ̿
Ēϴ/ϐюјТ˩ΉϱϰϲЅЈÕĞĵɍ˭Ё́˖ϡЈİ˓ϕϏЈϋ± ΜΔΚ ϵĖˣƿƱϴÕĞ
ĵɍ˭ϮϏЈϕϊâΉÀ˩ΉϲϓϚЈʷ̿ϱÕĞĵɍ˭ϯϊюјТϮϴÕĞĵɍ˭Ќˆϟ
ϭˆϪϭϐЈϋюјТϮϴÕĞĵɍ˭Ϯϵϊ/˼ʼ̮̐ϴșƗϴŹ͢ϕȦϠЈϜϯϕϏЈϋ 
ħƢϴ FTA ϱϰЌȨϐϧŹ͢щЗдЦшϴ˛ƥϵϊð͓æϲϵƗȨϮϏЈϕ˺ϴ͞úϯ
.ʛ!ϚЌȤ˛ϡЈϜϯϵͧϟϐϋϥϜϮϊУХЯшЦДіФдЏёіМЏпєјЬϯϟϭϊрЭв
ИХНЭбȨǔУјђϴЏјЙЯЛЬыЌŹ͢ϴлэјϯϟϭ DAR ϲˡ̟ϟϭϊУХЯшϔІ̻
¤ϏЈϐϵƟžŁaϽϮ͞úzϟϭ͝ПіЯЙХбϯíıɪЌ˖zϮϖϧϋFTA ЌȨϐϭ
 )
Ź͢ϴ˛ƥϯíɪЌˆϱϪϭϐϧÀϮϵϊː̩Ăɘϴʴϵ6Ëȶϱ¨ͺϯϟϭňϪϭϐ
ϧϋϟϔϟϊDAR ϲЅЇ͞úzϡЈϯϊУХЯшѓсђϴ͞úϴåϕƖЁǯhϱ¨ͺϮϏЇϊ
ЏЭЧіоёϴѓсђϕϥϴǂϴ¨ͺϮϏЈϯЋϔϪϧϋː̩ʴϯϐϑ͝ПіЯЙХбϲí
ϟϭЁ̶bϱíɪЌˆϑϜϯϴ́˓ĵϕƊɍϲϱЈϋDARЌȨϐЈϜϯϮŹ͢ϴЗдЦш˛Ɗϯ
Ź͢íɪϴƵ˧ϕϮϖЈϧЀϊ ϴȆȀǜͽϲ̇®ϡЈŹ͢ϹϴíɪϲЁ DAR ЌȨϐЈϜϯ
ЌŦưϮϖЈϋ 
ϜϴрЭвИХНЭбϴǔУјђϴЅϑϲÙ̻¤ϨϚϴŹ͢íɪЌˆϑ6ϵÌϘϱϐϋϜϜϮ
ϵϊɅƙȶϱíɪϨϚϮϱϘϊДіФіϴòƢЌ˔ŝϒϧƁϟϐƟž͕ȳЌˆϱϪϧ͒ƙíɪ
ϴʅƧϯϟϭϊϜϴрЭвИХНЭбƂĘЌȨϐϧΊ`qДіФіϴː¤î¢њMOLћЌÍϖϘĕ
͒ϮϖϧϋĦϵϊȆȀǜͽϲ̇®ϡЈŹ͢ϹϴíɪЁϊпєЫЛбѐБнСБЛђцеФщіб
њPLMћϴ˙ȏϔІˆϑϜϯϕİ˓ϮϏЈϋ 
Ťçťà ķŜšķľŚŏňĳİŞľţŞĠīcØĠFğęĈěĠ¦EŤçãç  )ťà
ЖБђУјђϴёЭпϴŚЈʯϐϵϊЏЛЯАлЯА±ϮƊɍϲˡ̟ϡЈϜϯϕϮϖϧϋƝ˵
ŽϮЏЛЯАлЯА±ЌȨϐϭˡ̟ϟϧрёЭЛХϴ4ȨϊϏЈϐϵаэЏђёЭпУјђϴ˼µ
ȳȦϴщЗдЦшϱϰϵϊДіФіˣ˞ʟϯŊˇʟϲ|aȤ˛ϝЉϭϐϱϐϋϥϴϧЀϊϜЉІ
ϴˡ̟ϲЅЇДіФіˣ˞ʟϯŊˇʟϕçƋϲȤ˛ϮϖЈϜϯϕʞϒІЉϊЖБђУјђϴŊ
ˇϴ̫ǆϲèϮϖЈЁϴϯʞϒІЉЈϋЖБђУјђϮϵϊǢǔϲŢ˜ϡЈЫХбёЭпϴˣ
˞ϊɲ³ϮǨϴѓБЫВіĘЖБђУјђЌȨϐϧ Ι ǮУјђϴ˼µ͜ϴˣ˞ϱϰͧϟ
± ΜΔΚΐ ΐĖˣƿƱщјЗϴÕĞĵɍ˭ΐ Žȟ[155]-[160]ЌЁϯϲ4Łΐ
 
ϐ˲ͺϕϏЈϋЏЛЯАлЯА±ЌȨϐϭϜЉІЌˡ̟ϟϭˣ˞ϴƵ˟ϲġɢϭЈϜϯϕʥϮ
ϏЈϋϱϓϊѓБЫВіĘЖБђУјђϯϵϊеФțϴǾЌ!ϚϧнЭɿƾʦњЯнєіϱϰћːё
ЭпњѓБЫВіћϲЅЈЖБђУјђϮϏЇϊёЭпϲϵХпёіМЌȨϐϱϐϋ³ZϮЁ̻ϴ
ĖˣƿƱщјЗϕšȨϟϭϐЈϋΐ
QˆɈɟϴ FTA Ͻϧϵ FMEA ϲЅЈЖБђУјђϴȂЉ®ϴ˛ƥϵȤ˛ϕͧϟϐϋj
̟ϴ DAR ЌȨϐϭϊΊ ̨ȨЛѐіЛУынбУјђϯаэЏђёЭпУјђϴ
Ујђϴ
͞úϴŹ͢њåћϴ¨ͺϲϫϐϭϊ͝ПіЯЙХбϯíɪЌ˖zϡЈϜϯϕϮϖϧϋϜϴ
DAR Ϯϵ
УјђЌǑ̓ϟϱϕІƵ˟ϡЈϴϧЀϊ
УјђϹϴkĵϴȰϱЈРшšȨϲЅ
ЈȂЉ͙ǄϹϴwƧϊϏЈϐϵаэЏђёЭпУјђϮϵрёЭЛХϴšȨϴʥĵϱϰɍ˭
ϡЈİ˓ϕϏϪϧϜϯϲǓ!ϘϜϯϕϮϖЈϋħƢϴʄΉϯ FTA ϲ͹ϪϧŹ͢щЗдЦшϴ˛ƥ
ϮϵϊǓϕ!ϔϱϐ¨ͺϲíϟϭϊDARЌȨϐЉ϶ƈƙϲƵ˟ϡЈϜϯϕʥϮϏЈϋΐ
áèâà¶V$|ğħĪcØĠFğęĈěĠ¦EŤ è)ťà
пєФГЛбЬјшϵϊ̨̛ϲɅƙíɪϯ͒ƙíɪЌâˆϮϖϧϕϊϜЉϵcƙϴУХЯш
ЦДіФдЏёіМϲǞϪϧ˛ƥϯíɪϴŅǠϕĖˣƿƱщјЗϲƭ!ϐϭϐЈϧЀϯʞϒІ
ЉЈϋϜЉІ̪ϴíɪϲЅЇюјТϯСјлХ¥ϔІáϴ˨8ϕĨІЉϧϕϊƛ˛Ǚϴǜ
µиђоϴ4xʴϵюјТϯСјлХ¥ϲǻЌЁϧІϟϭϐϧϋΐ
УХЯшЦДіФдЏёіМȶϱ˖ȏϔІϊƛ˛ǙϴWϴ˛ƥЌˆϪϭíɪưЌó`ϡ
ЈϜϯϮϊиБЖǜϴ5ȨЌʥϯϡЈĖˣƿƱϴǜµУХЯшϴ͕ȳЌàʅϮϖϧϋSysML
ϲЅЇǜµУХЯшϴ½ƝщЗдЦшЌˡ̟ϟϭϊиБЖǜϲ̇®ϡЈ4xʴϴщЗдЦшЌ
ƊІϔϲϮϖϧϋϽϧϊSysML ЌȨϐϭиБЖǜϴțĽƿƱ±Ќˡ̟ϡЈϜϯϮѐЭЗјϕȦ
ŁϡЈщЗдЦшϕЋϔЇϊZ̻оєЭЛ±ϔІѐЭЗјϕȦŁϡЈ̻.њСоУХЯшћϵϊх
іпϯщБіиђоϮϏЈϜϯϕЋϔϪϧϋħƢϴ4xǜϴtzϵϊхіпϮϴǓǡϴƀȔµ
ʖϕϯʞϒІЉϭϓЇ[11]ϊɠǓЌϖ̙ЍϨΊµмХбіЌȨϐϧ˩ΉϲЅЇϭѐЭЗјȦ
Łϴ̓ЌǸáϡЈƂǠ[154]Ё˕ƮzϝЉϭϐЈϋϟϔϟϊĖˣƿƱȨϯϟϭâȨϝЉϭϐЈ4
xǜϕϊϜϴ˩ΉϮϵƮϲϱЈϱϰtzϴщЗдЦшϕâ͡ϯЋϱϐÀЁϏЈϋϜϴ
ɈɟϮ˔`ϝЉϧщБіиђоϮϴЙылЯјУяіЁЀ4xǜϴtzϴщЗдЦшϵĂÜ
ȶϲ[Ƶ˟ϝЉЈϺϖϮϏЈϋ 
SysML ЌȨϐϧŹ͢щЗдЦшϴˡ̟Ќ˛ƥϡЈϜϯϲЅЇϊƁϧϲѐЭЗјϴȦŁϲЅϪϭ
нАђЪ͔Âϕ̇ϜЈϜϯϕƊІϔϱϪϧϋħƢϵиБЖǜϴ̀zϟЂϡϝϵϊǜϴÊʵϯ̑
щЪђϴ͇ϴǿ`ϟϔʞϒІЉϭϐϱϔϪϧϴϮϏЈϋϽϧϊнАђЪϴƿʥϯϟϭǜЫХб
ЌŜśϡЈϨϚϮϵϱϘϊѐЭЗјЌŜśϟϭЖБђϴtzЌ͙ϙϯϐϑƁϧϱƿʥϕϏЈϜϯЁ
˔`ϝЉϧϋĦϵ SysML ЌȨϐϭУХЯшϴ4xщЗдЦшЌˡ̟ϡЈϜϯϮУХЯшT1
Ќ˔ǵϟϧ͕ȳϕʥϲϱЈϯʞϒІЉЈϋиБЖǜϲЅЈ4xʴЌ͙ϙíɪưϵϊSysML
 
ϴțĽƿƱ±ϏЈϐϵЏЛЯАлЯА±ϴƵ˟ϔІóϖ`ϝЉϊŗě SafeML ЌȨϐϭ4x
ʴϴ͝ПіЯЙХбϯíɪưЌˡ̟Ϯϖϧϋŗě SafeML ЌȨϐϧˡ̟ϵϊa͂ƽƀȶЬј
шϴT¥ϮVƗϮϖϊíɪưϴ̹áϵßTХПЏϯПХбϴЋϔЇƋϐřƻϔІʥϮϏЈϋ 
ϧϨϟϊFTAϊFMEAϱϰϴŅǠϵˑͥϱУХЯшT1ϲ͗ЋЈ¨ͺЌňϑϲϵǁȏϕϏЈ
ϕϊПіхјеібњϏЈϐϵСоУХЯшћϽϧϵ̻¤ϴŹ͢ϴ˛ƥϲϵɅƍ͖ϮâƃϮϖЈ
ϴϮƗwϱŅǍϮϏЈϋSysMLϵ5ϐϜϱϡϴϲƍ͖ϕŠϔЈϧЀϊПіхјеібϏЈϐϵ
̻¤ϴŹ͢íɪϲϵșĵ˓®±ϊFTAϊFMEAϽϧ­Ɓϧϲ4Ϫϧ DARЌȨϐϧ˛ƥϴ
ŅǠЌʃϾЋϣϭȨϐϊУХЯшT1Ź͢ϴíɪϲϵ SysMLϓЅϷŗě SafeMLЌȨϐ
ϧˡ̟ЌЁϯϲ˛ƥЌˆϑϜϯϕŦưϮϖЈϋΐ
à
éãçà­ĠÝ$ľŀņŗĢĠćľŀņŁĲšĿŋĮŝšĸĭĈĖcØ¶kĝFĠÌà
Ɲ˵ŽϮϵϊ ϴƿƱˍʛϮЁ5ȨϝЉЈƎ̯ȶϱДіФіϯǜµУХЯшϴŹ͢Ϲϴϊ
УХЯшЦДіФдЏёіМЌȨϐϧЏпєЬјЌЇϛϭϐЈϋˉ ΜΔΙ ϵĖˣƿƱϯϥЉ$
ËϴĎɯ°ϱƿƱˍʛњType of MachineryћϮϴϊДіФіњEngineћϯǜµУХЯш
њHydraulic SysytemћϴšȨâĽЌɏϡϋДіФіϵ 8 ɚϴƿƱˍʛϲȨϐІЉϊǜµУХЯ
шϵ 7 ɚϴƿƱˍʛϲȨϐІЉϭϐЈϋϥЉϦЉϴƿƱˍʛϮϵϊĖˣƿƱϯ-ϧȆȀǜͽ
ϲ̇®ϡЈŹ͢Ϲϴ˛ƥϯíɪϕƵ˟ϝЉϭϐЈϋʿʟϵ SAE ϴȕžїȆȀǜ̻*ЏФЏ×
¥* JASO EO˕ƮgáϴǧxϓЅϷʿƔ[11]ϴ`ȖЌ̧Ϡϭϊʫx̎ϊ̗ƶȨбѐЛЪњFarm 
Tractorћϊʫx 2 ̎̕њBikeћϴДіФіϮϴȆȀǜͽϲ̇®ϡЈŹ͢ϲϫϐϭɃ˔ЌĨϭϐ
Јϋ̱͆ϴаАјШђЗјњRail Car & Diesel LocomotiveћϊнЕјЛёнбњForkliftћϊʳʲ
ˉ ΜΔΙΐ ΐДіФіϯǜµУХЯшЌȨϐЈƿƱˍʛΐ ΐ
κωѢšȨȡ 50 %$ϊњωћѢšȨȡ 50 %ƛǻλΐ
No. Type of Machinery Engine Hydraulic System
1 Construction Machinery  
2 Car include Truck & Bus  -
3 Bike  -
4 Farm Tractor  
5 Rail Car & Diesel Locomotive  -
6 Forklift  
7 Ship  
8 Engine Generator  -
9 Injection Machine - 
10 Steel Making Machine - 
11 Press Machine - 
 
њShipћϯпѓХƿƱњPress MachineћϴȆȀǜͽϲ̇®ϡЈŹ͢ϲϵʿʟϵȽŢ͗ϟϭϐ
ϧϋñ`ŁğƿњInjection Machineћϯː͆ƿƱњSteel Making MachineћϹϴɃ˔ϵϱϐϋϜЉ
ІϴΆxУХЯшϴȆȀǜϲ̇®ϡЈŹ͢ЁϊƝ˵Žϲ̟ϺϧZçϲ̜ϐЁϴϕϏЈϧЀϊϜ
ϴУЯшЦДіФдЏёіМЏпєјЬϕŹ͢˛ƥϯíɪϲİϢġϲɢϫϯʞϒІЉЈϋϽϧϊ
ϜϴƂǠϵΆxУХЯшϲ͛ІϢ ϴƿƱˍʛϊϏЈϐϵ ϴˑͥУХЯшϲЁƷЀϭfȨϟ
ЂϡϐϯʞϒІЉЈϋ 
DAR ϲЅЈŹ͢ϴ˛ƥϵϊŹ͢aͽ I ϮЁ II ϮЁ5ϒϊϝІϲȆȀǜͽϕʇϽϱϐƿ«ϴ
Ź͢ϲЁ̶ȨϮϖЈϋSysMLЌȨϐϭ½ƝщЗдЦшЌˡ̟ϟϭȤ˛ϟϊŹ͢щЗдЦшЌ˛ƥ
ϟϭíɪưЌóϘƂǠϵϊ ϴƿƱˍʛϏЈϐϵ ϴˑͥУХЯшϮЁfȨϮϖЈϋ 
ȆȀǜͽϴțĽ̸ɖЌϊSysML ϴțĽƿƱ±ϲˡ̟ϡЈϜϯϲЅЇȆȀǜͽЌǯϘȤ˛Ϯ
ϖϊϽϮϲϱϐŊˇȶϱƵ˟ϕϮϖϧϴϮɆǜщјЗϮЁġϲϧϫϯʞϒІЉЈϋƝ˵Žϴ
ŦưϡЈУЯшЦДіФдЏёіМЌȨϐϧŹ͢˛ƥϯíɪϴƂǠϕϊƿƱˍʛϏЈϐϵ ϴ
ˑͥУХЯшϴȧƶϮǧȨϝЉЈϜϯϕƙĥϝЉЈϋΐ
ΐ
ΐ
ΐ
ΐ
ΐ
ΐ
ΐ
ΐ ΐ
 
ũà ¥Áà
ϜЉϽϮ͒čϲǵЇϊʿʟϕŅϕϚϭϖϧȆȀǜͽЌ̇®ϯϡЈĖˣƿƱϴΆxУХЯшϴ
Ź͢ϹϴíɪϲϫϐϭϊϥϴZçT1ЌϽϯЀЈğϮ˵ϠЈϯϯЁϲϊƁϧϲУХЯшЦДіФ
дЏёіМϴЏпєјЬϔІϜЉІϴŹ͢ϴ®ɟƊϯíɪϕʥϯϱЈϜϯЌɏϟϧϋW1ȶ
ϲϵϊ/¤̃ϴДіФіǜϲЅЈДіФіϴȒ!ϖŹ͢ϊДіФі]ǔУјђϴȂЉŹ͢ϊ
ДіФіЛѐіЛУынбȨЖБђУјђϴȂЉŹ͢ϊϓЅϷȦa˛ĵ4xǜϲЅЈǜµУХЯ
шϴ4xʴϴ¨ͺϲϫϐϭϊϥЉϦЉϴУХЯшϴ½ƝЏјЙЯЛЬыЌˡ̟ϟϊϥϜϔІ
ϥϴƝ̃ЌȤ˛ϟϧϮϊŹ͢ϴщЗдЦшЌ˛ƊϟϊƃϡϺϖíɪЌóϖ`ϟϧϋΐ
щЗбєдЛХϊєфЭбϊʰɠƿϴa͂ϮϵϊУХЯшЦДіФдЏёіМЏпєјЬϲ½ϬϘ
УХЯшъађЌȨϐϧϊßTϴ˙ȏϔІϴ˛ƥϯíɪϲ͗ϡЈɈɟϵϏЈЁϴϴϊƝ˵Žϴ
ЅϑϱĖˣƿƱϴΆxУХЯшϴŹ͢ϲ͗ϟϭУХЯшъађЌЁϯϲ˛ƥϯíɪϕƃϝЉϧ
Ɉɟ6ϵ˔ĞϧІϱϐϋĖˣƿƱϴΆxУХЯшϴϮȆȀǜͽϴƧϧϡġpϵƷЀϭÍϖ
ϘϊщЗбєдЛХϴð͓ĵϴϾϮϵϊŹ͢¨ͺϴ˛ǙϲʭІϱϐϋƝ˵ŽϵϊȆȀǜͽϲ͗ϡ
ЈÜ¨a͂ϯщЗбєдЛХϴÜ¨a͂ϯЌ˅ϝϣϭʞϒЈϺϖŹ͢¨ͺЌϊУХЯшЦДі
ФдЏёіМЏпєјЬϴϮϊșϲУХЯшъађЌȨϐЈЏпєјЬϮ˛Ǚϲóϐϧϋΐ
$ϲϊɧ ΙɣϔІɧ Λɣϴ͵Ќ̠Ϫϭʅ˵ЌϽϯЀЈϋΐ
ɧ Ι ɣϮϵϊĖˣƿƱϴȆȀǜͽϲ̇®ϡЈŹ͢ЌϊĖˣƿƱϹϴåњHarmћϯϡЈÀ
ϲϫϐϭϊŹ͢ϲϐϧЈ͡ϴ͝ϯ͝ПіЯЙХбЌǂϴɚͽϲaͽϟϧϋΐ
Ź͢aͽ ΦѢΐ ĖˣƿƱϴΆxУХЯшZϲƁϟϐˣ˞ЌóSϟϧϜϯϲЅЇϊƻǽȶϱȆȀ
ǜͽϴ¤̃ϴ͛ȬЌ̈ϒϭ5ȨϡЈНјХϕȦϠϊϜЉϕ͝ПіЯЙХб
ϯϱЇϊΆxУХЯшZϲŹ͢ϕȦϠЈϋΐ
Ź͢aͽ ΦΦѢΐ /¤̃ϴȆȀǜͽЌȨϐЈϜϯϕ͝ǼϯϱЇϊΆxУХЯшϕƺ̧Їϲx
4ϡЈϜϯϕ͝ПіЯЙХбϯϱϪϭΆxУХЯшZϲŹ͢ЌȦϠЈϋΐ
ϥϴϮϊɧ Κɣϯɧ ΛɣϲЇϛЈŹ͢ЌϜϴɚͽϲaͽϟϧϋΐ
ɧ Κ ɣϮϵĖˣƿƱȨДіФіϴŹ͢ЌЇϛϊɧ ΚΕΘ ɮϮϵ/¤̃ДіФіǜϲЅЈ
ДіФіȒ!ϖϴ˛ƥϲϫϐϭ˵ϠϧϋʿʟϵДіФіǜϴʠȔĵЌ˨8ϮϖЈуЭбЬэј
оЯХбЌ͕ȳϟϊϜϴЯХбƂǠЌȨϐЈϜϯϮДіФіȒ!ϖŹ͢ϴ®ϕʠȔĵϴ/ϐД
іФіǜϮϏЈϜϯЌ˔`ϟϧϋϽϧϊƁІϲДіФіˣ˞Ќˆϑ͡ϴȒ!ϖϴ¨ͺЌƛȑϲ˛
ǙϲóϘϜϯЌȼȶϯϟϭϊƖЁʠȔĵϴ/ϐДіФіǜЌДіФі˩ΉϲȨϐЈŦưЌ
ˆϪϧϜϯЌ̟ϺϧϋϜЉІϴɈɟϲ͗ϟϭϊУХЯшЦДіФдЏёіМЌȨϐЈЏпєјЬϲ
ЅЇ[ʞϟϭóϐϧʅƧϵǂϴϯϓЇϮϏЈϋΐ
Θћΐ ΐ ДіФіǜϴѐЭЗјȦŁϯǿ˛ϲϫϐϭϴțĽ̸ɖЌϊSysMLϴƿƱțĽ±Ϯˡ̟ϟΐ
ϧϜϯϲЅЇϊДіФіZϮϴДіФіǜϴțĽЌϊǅĊțĽϊtzțĽϊǿ˛țĽϱІϷ
 
ϲǚǎțĽϴ ΛaͽϲaϚϧϋΐ
Ιћΐ ДіФіȒ!ϖϵДіФіǜϕǚǎțĽϲϏЈϯϖϲȦϠЈϧЀϊϜϴțĽϲʭЈǶĒњʠ
ȔĵћϕДіФіϴȒ!ϖϕȦϠϧϔϰϑϔЌǙЀЈϋуЭбЬэјоЯХбϵtzțĽϮ
ϵϱϘϊǚǎțĽϲϱЈДіФіǜϴǶĒњʠȔĵћЌ˨8ϟϭϐЈϧЀϊДіФіȒ!ϖ
ϴƗȐϯϴ͗:ϕĨІЉЈϜϯЌƊІϔϲϟϧϋΐ
Κћΐ мХбіёііМϴŚЈʯϐЌ SysML ϴЏЛЯАлЯА±ЌȨϐϭˡ̟ϟϧϜϯϲЅЇϊʠȔ
ĵϴ/ϐДіФіǜϮϴмХбіёіМϴѐЭЗјϲЅЈ²ɁϲʭЈщЗдЦшЌţáϮϖ
ϧϋΐ
ΐ ɧ ΚΕΙ ɮϮϵϊрЭвИХНЭбϴǔУјђϴȂЉϴŹ͢˛ƥϯíɪЌ˵ϠϧϋǔУјђϴȂ
Љϴ®ϵϊРшŁaϮϏЈɵϐУёЗPÄmϕ̇Ϝϡ¹ϱŢ˜ϯƈƙϴȱvˌϊ]
ǔϲȳȦϟϧиЛЯёЏϲЅЈРшtzϮϏЈϜϯЌƊІϔϲϟϧϋϜϴʅƧϔІϊУёПјі
РшϴŵʴЌˆϐϊȂЉŹ͢Ќ͙ϙϜϯϕϮϖϧϜϯЌɏϟϧϋУХЯшЦДФдЏёіМϴЏп
єјЬϲЅЇ[ʞϟϧʅƧϊĨІЉϧʅ˵ϵǂϴϯϓЇϮϏЈϋ 
Λћΐ ΐ FTA ϴϾϮϵϊÌϘϴ®ϕˑͥϲʇϾϑŹ͢Ќ˛ƥϡЈϜϯϵϮϖϱϔϪϧϕϊЏј
ЙЯЛЬыϴŹ͢лэјϔІ˔ϧ DAR ЌȨϐϭϊŹ͢ϲ͗ϡЈ¨ͺȏЌǥϐ`ϡϜϯϕ
ϮϖЈϜϯЌɏϟϧϋ 
Μћΐ ΐ УХЯшϔІƟžʃŁϽϮ͞úzϟϭϊŹ͢ϴ®ϯíɪЌ˖zϡЈϜϯϲЅЇϊǔУ
јђϴȂЉϴ®ЌʏȶϲȤ˛ϮϖЈЅϑϲϱЇϊíɪĦϴǔУјђϴwƧЌ˨8Ϯ
ϖϧϋ 
Νћ Ɓϧϲ͕ȳϟϧǔɿz NBR ϴǔУјђϵϊϜЉЌȨϐϧΊ`qДіФіϴː¤ѐБнС
БЛђСБЛђɭȤњPLMћϮϴMOLњMiddle of LifeћЌÍϖϘĕ͒ϮϖϧϋȆȀǜͽϲ̇
®ϡЈŹ͢ϹϴíɪϮϵϊĖˣƿƱϴΆxУХЯшϴʠĵϴϲèϡЈϧЀϊ
MOLϴĕ͒ЌȜϑϜϯϕʥϯϱЈϋ 
ɧΚΕΚɮϮϵϊЛѐіЛУынбУјђϴȂЉϴ®ϲϫϐϭ˛ƥϟϭíɪЌˆϱϪϧϋȂЉ
ϴ®ϵϊЖБђУјђёЭпϴǜʩbЉϲЅЈȎzȗ¾ɝϮϏϪϧϋΊ ̨ȨϴЛѐіЛУы
нбУјђϵёЭпʼ́/ǴϯрёЭЛХ̠sϮíɪϮϖϊ2ǮȨϴаэЏђёЭпУјђϵ˼µ
Ќ͙ϙЬэјоЌЖБђУјђϲ!ϚϭíɪϟϧϋϜЉІϴ˛ƥϯíɪЌƵ˟ϡЈϮϊЛѐі
ЛУынбУјђϴёЭпǶĒǸáϮ˨8ϡЈƂǠϯϊPV AЌȨϐϧˣ˞ŅǠЌ͕ȳϟϧϜϯ
Ќ̟ϺϧϋУХЯшЦДФдЏёіМϴЏпєјЬϲЅЇ[ʞϟϧʅƧϊĨІЉϧʅ˵ϵǂϴϯ
ϓЇϮϏЈϋ 
Ξћΐ 
ЛѐіЛУынбУјђϴёЭпϴ4ȨЌϊSysML ϴЏЛЯАлЯА±ЌȨϐϭ˖zϮϖ
ϧϋϜЉϲЅЇϊΊ ̨ЛѐіЛУынбУјђϮϵрёЭЛХϴwƧЌƊɍϲϮϖϊаэЏ
ђёЭпУјђϮϵёЭп͖ϲȦϢЈ˼µϴщЗдЦшЌƊɍϲɏϡϜϯϕϮϖϧϋΐ
 
Οћΐ DAR ЌȨϐЈϜϯϮΊ ̨ȨϯаэЏђёЭпȨϴ
ƂϴЛѐіЛУынбУјђϴȂЉщ
ЗдЦшЌʉϟϭ˛ƥϮϖϧϋΐ
Πћΐ Ϝϴ DAR ЌȨϐϧ˛ƥʅƧϔІϊΊ ̨ЛѐіЛУынбУјђϴЫХбёЭпϴƍȶϱ
˼µȳȦϊУёПјіРш њVMQћϏЈϐϵнЭɿРшњFKMћϴϰϩІϕƖ̶ϱƟ̃ϮϏ
ЈϔϱϰϴƵ˟ϊϓЅϷаэЏђёЭпУјђϮϴрёЭЛХϯёЭпkĵϲϫϐϭƵ˟ϕ
̊ϟϭϐϧϜϯϕЋϔϪϧϋ 
ɧ Λ ɣϮϵϊĖˣƿƱϴиБЖǜϴ5Ȩʝy˕gϲíıϟϭϊпєФГЛбЬјшǧxϲЅ
ЈíɪЌƃϟϧϜϯϲϫϐϭ̟ϺϧϋíɪϯϟϭϊиБЖǜϴ5ȨцдэЏђЌ4ЈɅƙíɪϯϊ
ǜµСоУЯшϴŵʴЌˆϑ͒ƙíɪϲaϚϧϋϟϔϟϱϕІϊ4xʴϴ¨ͺȏϕƛ˛Ǚ
ϴϽϽǋϪϭϐϧϧЀϊУХЯшЦДіФдЏёіМЏпєјЬϲ½Ϭϖ SysML ЌȨϐϭǜµ
УХЯшϴŚЈʯϐЌˡ̟ϟϊиБЖǜЌ̇®ϯϡЈ4xʴϲʭЈщЗдЦшЌ˛ƊϟϧϋϜ
ϴщЗдЦшϯиБЖǜϴțĽ̸ɖϲЁϯϬϐϭ4xʴϴíɪưЌóϖ`ϟϊßTaƥϯϥ
ϴíɪϴˡ̟ϲȨϐЈ SafeML ЌŗěϟϭȨϐϭϜЉІЌˡ̟ϟϧϋϥϴʅƧϊ1ɸɢϭϭí
ɪưЌ̹áϡЈϜϯϕϮϖϧϋʅ˵ЌϽϯЀЈϯϊǂϴϯϓЇϯϱЈϋΐ
ΘΗћΐ ƛ˛ǙϴиБЖǜϲЅЈ4xʴϴ®ЌǂϴЅϑϲ˛ƊϮϖϧϋΐ
•! иБЖǜϵϊǜµхіпϮϴǓǡϴƀȔµʖϯϊщБіиђоϮϴЙылЯјУяіϲЅЇ
ѐЭЗјЌȦŁϡЈϋΐ
•! ȦŁϟϧѐЭЗјϵнАђЪЌ͔ÂϝϣЈϋϜϴϧЀЊ̰ϝЉϢϲǨЉϧǜЫХбϕǜµ
иђоϴ²ɁϽϧϵŮʡЌ̇Ϝϟϭǜµиђоϴ4xʴЌ̇Ϝϡϋΐ
ΘΘћΐ Κ ϫϴíɪưϊДіФі­̐gĩϊ̴įaͦˍʛϊŵʴнАђЪЌóϖϊßTХПЏЌɬ
`ϟϧϮϊß8ϮwƧϴΊϐŵʴЊƟнАђЪϴíɪЌ̹áϡЈϜϯϕϮϖϧϋΐ
ΐ
$ϴʅ˵ϔІϊУХЯшЦДіФдЏёіМЏпєјЬϔІ[ʞϟϧW1ȶϱŹ͢ϴ˛ƥ
ϯíɪƂǠϴ1ɸzϲϫϐϭϊǂϴЅϑϲϽϯЀЈϜϯϕϮϖЈϋΐ
1.! DAR ϲЅЇϊŹ͢ϴˑͥϱ˓®ϯíɪЌϊУХЯшѓсђϔІПіхјеібѓсђϹ
͞úzϟϭ˖zϡЈϜϯϮϊ1ɸȶϲ˛ƥϯíɪϕϮϖЈϜϯЌɏϟϧϋϡϱЋϩϊ
DARϲЅЈŹ͢®ϴ˛ƥϯíɪϴ1ɸzϕϮϖϧϋ 
2.! УХЯшЦДіФдЏёіМЏпєјЬϲ½ϬϖϊSysML ϴЏЛЯАлЯА±ЌȨϐϭϊ
ДіФіϓЅϷǜµУХЯшZ̻ϴȆȀǜͽϯ̻¤ϯϴ͖ϴŚЈʯϐЌˡ̟ϟϊ
SysMLϴțĽƿƱ±ЌȨϐϭϊȆȀǜͽϴțĽϴ̸ɖЌˡ̟ϡЈϜϯϲЅЇϊŹ͢щЗ
дЦшЌƊɍϲŌũϮϖЈϜϯЌɏϟϧϋĖˣƿƱϴΆxУХЯшϴϮȆȀǜͽϴƧ
ϧϡġpϵƷЀϭÍϖϘϊʠĵϹϴĠͲϕƷЀϭΊϐϋȆȀǜͽϲ͗ϡЈÜ¨a͂
ϯщЗбєдЛХϴÜ¨a͂ϯЌ˅ϝϣϭʞϒЈϺϖŹ͢¨ͺЌϊУХЯшЦДіФд
 	
ЏёіМЏпєјЬϴϮϊșϲУХЯшъађЌȨϐЈЏпєјЬϮ˛Ǚϲóϐϧϋ 
3.! Ź͢˛ƥϯϥϴíɪϴˡ̟ϲŗěϟϧ SafeML ЌȨϐϊßTХПЏЌɬ`ϡЈϜϯϮ/
ПХбϮwƧϴΊϐíɪЌ̹áϡЈϜϯϕϮϖϧϋУХЯшъађЌˡ̟ϟϧϮŹ͢
ϴЁϯϯϱЈ͝ǼϯŹ͢ϲʭЈ͝ПіЯЙХбЌƊІϔϲϟϊϥϴíɪЌóϘ1ɸȶ
ϱƂǠЌɏϟϧϋ 
ΐ
Ɲ˵ŽϮϵϊĖˣƿƱϴȆȀǜͽϲ̇®ϡЈŹ͢ϹϴíɪϲϫϐϭϊУХЯшЦДіФд
ЏёіМЏпєјЬϔІ[ʞϟϊŹ͢ϲíϡЈ1ɸȶЇʃϾϴƂǠЌɏϡϜϯϕϮϖϧϋȆȀ
ǜͽϲ͗ϡЈÜ¨a͂ϯщЗбєдЛХϴÜ¨a͂ϯЌ˅ϝϣϭʞϒЈϺϖŹ͢¨ͺϵƷЀ
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ʥʢʡʜ ¥ÎǼˁĸɑ˧ƑƏŲ˧Ǹȋɡǿ˂ÄŇĊ ʥʣʟʜʣʟʜʺʜʣʠʪʟʜʝʣʫʪʧʞʜ
ʥʣʡʜ ¥ÎǼʾËƝĢǜˁ̛˽̼͂̓́̀̏̀ƫ̳̋ɟ˧Ĝȇ˂ÄŇĊ ʥʤʟʜʣʟʜʺʜʣʠʪʟʜ
ʜ ʝʣʫʪʨʞʜ
ʥʤʡʜ ¥ÎǼʾǑȎɞʾÎÍdŤʾƚȹĀˁʘȼȋ̛˽̼͂̓́̀̏̀ƫĩ̺̜̇͂̀˂
ÄŇĊ ʥʤʟʜʣʣʧʟʜʺʣʤʠʤʧʟʜʝʣʫʪʨʞʜ
ʥʥʡʜ ¥ÎǼˁ̸̊̾͂̏̀̽̏̐̕˧Ĝȇˢʘȼȋ̛˽̼͂̓́̀̏̀ƫĩ̺̾̀̈˾̨̇͂
̺̜̀˧ɲƱ˂CƜşɴ ʤʩʟʜʥʦʢʟʜʺʫʠʤʢʟʜʝʣʫʪʪʞʜ ʜ
ʥʦʡʜ¥ÎǼʾƷ®ǁÕʾXȔğ§ʾ
ɢÓˁ̛˽̼͂̓́̀̏̀˧ĐỤ̼̩̄ǀ˥l˭
˖ɊŲøơ˧êʅ˂CƜşɴ ʥʢʟʜʥʪʥʟʜʺʩʢʠʩʨʟʜʝʣʫʫʣʞʜ
ʥʧʡʜ ¥ÎǼʾÉŁĲ®ʾǂŽǵʾƬ
7ˁƩJȣø,_Ų˂ŲˢǔŪ ʤʥʟʜ ʩʟʜ ʺʣʪʠ
ʤʦʟʜʝʣʫʫʤʞʜ ʜ
ʥʨʡʜ ¥ÎǼʾÉŁĲ®ʾĩƍʾÒȹȻ§ˁ'Ɖ˥ˉˏ˶ƌáĘĚŃ˧ĘĚ1ģ˂̜̺˾̯
̾̏͂"ȸǒɾ ʲʠʫʟʜʺʤʩʩʠʤʪʢʟʜʝʣʫʫʤʠʣʢʞʜ ʜ
ʥʩʡʜ ÉŁĲ®ʾ¥ÎǼʾǂŽǵʾƬ
7ʾËńÖƮʾŝÉƲvƮʾůƬOˁʜĩǸĘ
ǹø,_Ų˧ɲƱ˂Komatsu Technical Reportʜʥʫʟʣʥʣʟʜʺʥʩʠʦʧʟʜʝʣʫʫʥʞʜ ʜ
ʥʪʡʜ ¥ÎǼˁƨ¿ö̂˾̼˧ƥơʠƩJȣø,_Ųʠ˂àȨşŔ ʤʫʟʜʫʟʜʺʩʥʠʪʟʜʝʣʫʫʥʞʜ
ʥʫʡʜ ËƝĢǜʾ¥ÎǼˁàȨşŔƫ̛˽̼͂̓́̀̏̀˧̂˾̼̼̎͂˧ĸɑ˧_{˂Ĺ
L̜̺˾̯̾̏ ʤʥʟʜʺʤʤʠʤʧʜʝʣʫʫʥʞʜ
ʦʢʡʜ ¥ÎǼʟÎÍ4įʟŖǵʟʚƬȈįˁàȨşŔ́ƪŘşŔ˥ˉˏ˶ƌá̺̘̗̩̇́̽
͂̅˂̜̺˾̯̜̾̏̐ʥʫʟʜʣʤʟʜʺʜʣʢʣʦʠʣʢʣʫʟʜʝʣʫʫʦʞʜ
ʦʣʡʜ¥ÎǼʾɺʾōƬ@ʾƬ
ǵƆˁʜȣȱʜ ƌáĘĚŃ̈́˙˧͋ͅ˂Komatsu Technical 
Reportʜʦʢʟʜʤʟʜʺʤʢʠʥʧʟʜʝʣʫʫʦʞʜ ʜ
ʦʤʡʜ ¥ÎǼʾÉŁĲ®ˁƨɛx˲ǢÛƠøˤˣ˥OƘ˱ɠb²´øʾƅXS˧Ĝȇˋ
Ȳʋ˂ŲȀ ʦʩʟʜʥʟʜʺʥʪʠʦʣʟʜʝʣʫʫʦʞʜ ʜ
ʦʥʡʜ ¥ÎǼʾËƝĢǜˁ̫̘̝̘̜́̀̏̀̄̐̉ƫFhū̼̎͂˂̷̣̼̦̃͂̽͂ʥʪʟʤʟʜ
ʺʣʠʫʟʜʝʣʫʫʦʞʜ
ʦʦʡʜ ¥ÎǼˁĸɑ˧ĿàȨşŔ˧ĊȖ_{ˢÈļ˂ĹL̜̺˾̯̾̏ ʫʥʟʜʺʣʤʠʣʧʟʜʝʣʫʫʧʞʜ ʜ
  
ʦʧʡʜ ¥ÎǼˁƩJȣø,_Ųˢ˙˧Oƫ˂ȨȥÏ± ʥʢʟʜʣʤʟʜʺʦʧʥʠʦʧʪʟʜʝʣʫʫʧʞʜ ʜ
ʦʨʡʜ ¥ÎǼʾɺʾōƬ@ʾƬ
ǵƆˁʜȣȱʜ ƌáĘĚŃ̈́˙˧ ʤͅ˂Komatsu Technical 
Report ʦʣʟʜʤʟʜʺʜʤʩʠʧʢʟʜʝʣʫʫʧʞʜ
ʦʩʡʜ ¥ÎǼˁƨʋˢàȨşŔ˧̜̺˾̯̾̏˂ĹL̜̺˾̯̾̏ʣʢʫʟʜʺʜʣʦʠʣʩʟʜʝʣʫʫʨʞʜ
ʦʪʡʜ ĿńĴǴʾĿńžʾ¥ÎǼˁ̻̈͂̐˥ƫˆ˶ĩȟ*ƑƏS˧ēŭ˂̜̺˾̯̾̏͂"
ȸǒɾ ʣʯʣʤʟʜʺʣʥʣʠʣʥʥʟʜʝʣʫʫʨʠʣʢʞʜ ʜ
ʦʫʡʜ ÄȜĲ®ʾ¥ÎǼʾĦȔǍįʾŶ¤ɢžʾËńÖƮˁ̱̙̊Ǧṣ̌˾̂,_̂˾̼˧
ɲƱ˂Komatsu Technical Reportʜʦʤʟʜʣʟʜʺʣʦʠʤʧʟʜʝʣʫʫʨʞʜ ʜ
ʧʢʡʜ Ŷ¤ɢžʾ¥ÎǼʾÄȜĲ®ˁàşˡ-˹˷˶ƩJȣø,_Ų˧ƥơ˂ŲǔĊȖ
ʥʧʟʣʤʟʜʺʤʫʠʥʤʟʜʝʣʫʫʨʞʜ ʜ
ʧʣʡʜ¥ÎǼʾɺʾōƬ@ʾÄȜĲ®ˁʜȣȱʜ ƌáĘĚŃ̈́˙˧͌ͅ˂Komatsu Technical 
Report ʦʥʟʜʤʟʜʺʣʫʠʥʧʟʜʝʣʫʫʩʞʜ
ʧʤʡʜ Éqĝąʾ¥ÎǼˁàȨşŔ˥ˉˏ˶̲̊̀̕¿ǜʜ ʠƆżÛ{ź_́̂˾̼̻̟̘̇
̢̇́˾̨̩̻̘̝˽̼̕˂şŔȨȥ ʦʣʟʜʣʣʟʜʺʧʢʠʧʥʟʜʝʣʫʫʩʞʜ ʜ
ʧʥʡʜ ʒÌžʾ¥ÎǼʾÄȜĲ®ˁƩJȣø,_Ų˧̨˽̼̝͂˥ˉˏ˶Yb˥˞ˆˠ˂̨
̼˾̝̤̳̿͂̎̐̚ ʤʫʟʜʧʟʜʺʨʥʠʨʩʟʜʝʣʫʫʪʞʜ ʜ
ʧʦʡʜǰȹȉƮʾ¥ÎǼʾȚʾÄȜĲ®ˁ͓͒͑ȑȂƶȂ˧ṻ̻̼̊͂ś̶̰̆̀
̪˫˧ɛƫ˂Komatsu Technical Reportʜʦʧʟʜʣʟʜʺʜʤʩʠʥʤʟʜʝʣʫʫʫʞʜ ʜ
ʧʧʡʜ ¥ÎǼˁƪŘJɢ˧̜̺˾̯̾̏͂ʜ ʠàȨşŔʠ˂̜̺˾̯̜̾̏̐ ʦʧʟʣʤʟʜʺʜʫʦʦʠʫʦʩʟʜ ʜ
ʝʤʢʢʢʞʜ
ʧʨʡʜ¥ÎǼʾ!Ȕ=ɞʾȚʾÄȜĲ®ʾŌŰšʾĦȔǍįʾʒƬŢɞʾ)$Ĥ
ʘˁṻ̻̼̊͂śŲ̸̬̼̎ ʵʯʥʢʢʳʯʠʨ ˧ɲƱ˂Komatsu Technical Reportʜʦʨʟʜ
ʣʟʜʺʥʨʠʦʤʟʜʝʤʢʢʢʞʜ ʜ
ʧʩʡʜ ¥ÎǼˁ̻̈͂̀Ʉ>Ŵˢƨȼȋ'ƈ˫˧oǪ˯ʜ ʠ,_Ųʾ́̀̏̀̂˾̼ʾ̻̈͂
̐ʠ˂àȨşŔ ʥʩʟʜʪʟʜʺʜʥʤʠʥʩʟʜʝʤʢʢʣʞʜ
ʧʪʡʜ ʒÌžʾ¥ÎǼʾËƝĢǜˁ̡̀˼̲̺̜̀̇͂̀˧ɲƱ˂Komatsu Technical Reportʜ
ʦʪʟʜʣʦʫʟʜʺʥʠʣʢʟʜʝʤʢʢʤʞʜ ʜ
ʧʫʡʜ ʒÌžʾ¥ÎǼˁƩJȣø,_Ų͏àȨşŔˡ˧-ƫ˥˞ˆˠ͏˂ŲǔĊȖ ʦʤʟʜ
ʪʟʜʺʣʥʠʣʨʟʜʝʤʢʢʥʞʜ ʜ
ʨʢʡʜ ¥ÎǼˁƑƏŲ˥˳˶̤̜́̀̏̀̿͂̽˾̀˧ɰÀbˢ4ʊø{˂àȨşŔ ʦʢʟʣʟʜ
ʺʜʦʩʠʧʦʟʜʝʤʢʢʦʞʜ ʜ
ʨʣʡʜ ¥ÎǼˁŲ,_Ų˫˧ľë˂ŲǔĊȖ ʦʧʟʣʥʟʜʺʨʠʣʢʟʜʝʤʢʢʨʞʜ ʜ
  
ʨʤʡʜ ¥ÎǼʾÄƬÝˁàȨşŔƫ,_Ų˥ļˮ˷˶ˑˢ˂ŲǔĊȖ ʦʨʟʣʣʟʜ ʺʣʣʠʤʢʟʜ
ʝʤʢʢʩʞʜ ʜ
ʨʥʡʜĥȔǍįʾʒƬŢɞʾ¥ÎǼˁàȨşŔƫ̵̰̪̀́͂̕ˢƨ¿ö,_Ų˂̨̼̝͂
̤̳̿͂̎̐̚ ʦʢʟʜʦʟʜʺʤʣʦʠʤʣʫʟʜʝʤʢʢʫʞʜ ʜ
ʨʦʡʜ ØŰġèʾ¥ÎǼˁƨȼȋ˥¿˖˶ƩJȣø,_Ų˧Ēƫ˂ŲǔĊȖ ʦʨʟʣʣʟʜ
ʺʤʧʠʥʤʟʜʝʤʢʣʢʞʜ
ʨʧʡʜ ¥ÎǼˁʣʫ ǥ˧àȨşŔʜ ʠʜ ȐŪáàȨşŔ˧Ʊət˂àȨşŔʟʜ ʣʢʟʜ ʺʣʥʠʤʣʟʜ
̈́ʤʢʢʨͅʜ
ʨʨʡʜ ¥ÎǼˁàȨşŔ˧Ʊə˧ťt˂ĿĊȖʟʜʨʦʟʜʨʟʜʺʣʣʠʣʨʟʜʝʤʢʢʫʞʜ ʜ
ʨʩʡʜ ¥ÎǼˁàȨşŔ˧̼̙͂˺ŭ˰ˠʜ ʷʶʭ ˧ťtƴàȨşŔ˧gƟʔ˺Ȟ˶˂àȨ˧ʜ
ĬÏ Ưʟʜʩʧʧʟʜʺʧʪʠʨʨʟʜʝʤʢʣʥʞʜ ʜ
ʨʪʡʜ ¥ÎǼǲˁàȨşŔb˧ţ˯˂ĭŁàȨşŔȝȡ͇Ǳȴ ʤ Ǘʟʜʺʨʠʥʣʟ̈́ʤʢʣʨͅʜ
ʜ
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ʨʫʡʜ ¥ÎǼˁɻb˖˶àȨşŔ̴͂̃ˡ˧ƑƏŲ˧Ȳʋ˂ǂŲ±"ǂŲțȦȴ"ʟʜ
ʺʧʤʠʧʨʟʜ ̈́ʣʫʪʪͅʜ
ʩʢʡʜ ¥ÎǼˁàȨşŔ˧̴˾̞̜̺̀̀̐̚˾̯̾̏͂̂˾̼̻̟̘̇̇͂˂̜̺˾̯̾̏͂ǃǓ
"ʝʣʫʫʨʞʜ
ʩʣʡʜ ¥ÎǼˁƩJȣø,_Ų˧ƥơˢȲʋ˂ĭŁ͕͙͚͕͖͛͗͘͟͜͝͠͞±"˿˾̲̞̀͂̒͂̕ʟʜ ʜ
ʺʣʧʠʤʩʟʜʝʣʫʫʩʠʤʞʜ
ʩʤʡʜ¥ÎǼˁƑƏŲ˥ɴ˖˶ƨɛxø˧ʋ˂ĭŁ̜̺˾̯̾̏±"̜̺˾̯Ńħ˧ƨ
ɛxøǃǓ"ʝʣʫʫʪʞʜ
ʩʥʡʜ ¥ÎǼˁàȨşŔ˧,_Ų˧ƥơˢÂŅ_{˂Óă ʣʤ ÔÛĭŁ͕͙͚͕͛͟͝͠͞ÏŘ"ȶ
Ɛ"ʝʤʢʢʢʠʣʣʞʜ
ʩʦʡʜ ¥ÎǼˁàȨşŔ˧ƨ¿öˢ̜̺˾̯̾̏˂ǂÎƽɧÏşʁe"ʴʱʸɤŰ ʤʢʢʢ ̇̚
̟̼̲̞̃̒ʝʤʢʢʢʞʜ
ʩʧʡʜ ¥ÎǼˁàȨşŔƫ,_Ų˧_{ˢȟŐb˥˞ˆˠ˂ƑƏŲe"Óă ʣʣ ÔÛƑƏ̒
̲̞͂ʝʤʢʢʨʞʜ
ʩʨʡʜ ¥ÎǼˁàȨşŔƫ,_Ų˧-˹˷Īˢøǿ˧ȝļ˂ĭŁ͕͙͚͕͖͛͗͘͟͜͝͠͞±"ǘ ʣ
̨̼̝̤̳͂̿͂̎̐̚±"ƠNǃ5"ʝʤʢʢʨʞʜ
ʜ
ʜ
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!! S. Ohkawa, A. Kimura and H. Kimura: ”Grease Composition for Construction 
Equipment”, United States Patent 5,576,272 (1996) 
!! ¥ÎǼʾŖƿʾʙÊɝįʾʂßèʾRƬˁƑƏŲǪăƟ˂Ơȩ ʥʥʤʫʦʪʫ uʜ ʝƲ
ɬ ʤʢʢʤ Ôʞʜ
!! ¥ÎǼʾĿńĴǴʾĿńžˁàȨşŔƫ̻͈̈̐ǪăƟ˂Ơȩ ʥʫʤʥʣʢʢ uʜ ʝƲɬ ʤʢʢʩ
Ôʞʜ
!! ¥ÎǼʾŇŬȰʾđÎŞʾɰ»ûtˁ͈̼̎Ńɛxø˥:˷˛ƑƏŲǪăƟ˂Ơȩ
ʦʣʢʩʩʢʤ uʜ ʝƲɬ ʤʢʢʪ Ôʞʜ
X85Z== Yʜ
!! ¥ÎǼˁ¤ňá̺̙̗̩͈̇̽̅Șǳ˂µƫĩőʜ İ ʧʥʠʫʪʢʨʜʝ@~ ʣʫʩʪ Ôʞʜ
!! ¥ÎǼʾǚì§ˁĘĚ1ģƊ´˂µɲİ ʦʫʠʫʤʤʪʣʝ@ɲ ʣʫʩʦ Ôʞʜ
!! ƕĄ7ʾ¥ÎǼˁɩǤƙǬxɤĘĚŃˢɪțșɤˢ˧ĔxŴ˂Ơɲİ ʧʢʠʣʧʢʨʧʨʜ
ʝ@ɲ ʣʫʩʧ Ôʞʜ
!! ¥ÎǼʾŝƬȵˁ¤ȢçɟŃ˧ĘĚĔĪŴ˂Ơɲİ ʧʣʠʫʥʩʨʥʜʝ@ɲ ʣʫʩʨ Ôʞʜ
!! ¥ÎǼˁʘȼȋºÁɉpƫ˧ƑƏŲ˂Ơɲİ ʧʦʠʣʧʦʦʢʧʝ@ɲ ʣʫʩʫ Ôʞʜ
!! ¥ÎǼʾŇƬİˁ̂˾̼YbÛȗǆȘǳ˂Ơɲİ ʧʨʠʣʥʥʨʧʪʝ@ɲ ʣʫʪʣ Ôʞʜ
!! ¥ÎǼˁ̻̖̺̎̀˾̞˧XÏĪŴ˂Ơɲİ ʧʨʠʧʫʤʥʜʝ@ɲ ʣʫʪʣ Ôʞʜ
!! ƕĄ7ʾ¥ÎǼˁDň̺̙̗̇ˉ˳˪̩͈̽̅Șǳ˂µƫĩőʜ İ ʧʪʠʦʣʥʩʫʜ ʝ@~
ʣʫʪʥ Ôʞʜ
!! ¥ÎǼˁƑƏŲƉÛPîȘǳ˂Ơɲİ ʧʫʠʪʤʧʣʦʜʝ@ɲ ʣʫʪʦ Ôʞʜ
!! ¥ÎǼʾÎÍdŤˁ́̀̏̀FhǤƫɶɫS˂Ơɲİ ʨʥʠʣʥʢʩʪʨʜʝ@ɲ ʣʫʪʨ Ôʞʜ
!! ¥ÎǼˁïɣƂ*/ǭȘǳ˂µƫĩőʜ İ ʨʥʠʣʪʩʪʥʜʝ@~ ʣʫʪʪ Ôʞʜ
!! ¥ÎǼʾËƝĢǜˁ̂˾̼͈̼̎Șǳ˂µʍİ ʨʥʠʣʣʢʩʨʫʜʝ@ɲ ʣʫʪʪ Ôʞʜ
!! ¥ÎǼʾÎÍdŤˁ́̀̏̀˧̫̙̝̙̜̄̐̉˂µƫĩőÓ ʣʠʤʪʪʤʪʜ ̈́@~ ʣʫʪʫ Ôͅʜ
!! Žʜ ƻųʾĦȔʜ ǍįʾǂÎʜ `vʾ¥ÎǼʾÄȜĲ®ˁę_Ńħ˂ƠɲÓ ʫʠʨʩʨʥʢʜ
ʝ@ɲ ʣʫʫʩ Ôʞʜ
!! ōƬ@ʾ¥ÎǻʾĥȔʾɺˁƌáĘĚ̛˾̐̇˂ƠɲÓ ʣʣʠʥʥʨʪʢʧ̈́@ɲ ʣʫʫʫ
Ôͅʜ
!! ǰȹȉƮʾ¥ÎǼʾȚʾÄȜĲ®ʾ!Ȕ=ɞˁƂɆ˂Ơɲ ʤʢʢʣʠ
ʦʣʣʩʦʝ@ɲ ʤʢʢʣ Ôʞʜ
!! ÉŁžʾ¥ÎǼʾǋƬəˁ̶͈̞̼̏ɉp˂Ơɲ ʤʢʢʤʠʩʢʪʨʧʜʝ@ɲ ʤʢʢʤ Ôʞʜ
  
!! ʒy%ʾÉƬɌʾʒÌžʾ¥ÎǼʾˁGƂ˂Ơɲ ʤʢʢʤʠʥʩʣʤʩʢʝ@ɲ ʤʢʢʤ Ôʞʜ
!! ʒÌžʾ¥ÎǼʾɐʾ!Ȕʜ ƻˁGƂ͊FhƂǪăƟ˂Ơɲ ʤʢʢʤʠ
ʤʫʦʤʤʩʜʝ@ɲ ʤʢʢʤ Ôʞʜ
!! ŮŖ%èʾ¥ÎǼˁ̨˽̼̜̻̘̃͂̏̕˂Ơʍ ʤʢʢʩʠʣʣʩʪʩʤ̈́@ɲ ʤʢʢʩ Ôͅʜ
!! ŖĿúʾɰ»ûtʾʒÌžʾØŰġèʾ¥ÎǼˁ̤̜̿͂̽˾̀Ų˂Ơʍ ʤʢʢʫʠ
ʤʦʤʨʩʩʜʝ@ɲ ʤʢʢʫ Ôʞʜ ʜ
!! ȹÎ:ɞʾ¥ÎǼˁ̂˾̼Ã>Șǳˉ˳˪̂˾̨̼˽̼̕Șǳ˂Ơɲ ʤʢʣʢʠʤʥʨʧʪʤ
̈́@ɲ ʤʢʣʢ Ôͅʜ
ʜ
#Z= 9
!! ĭŁ̜̺˾̯̾̏͂±"ǲ̈́ǲɾ¬ɰ͎¥ÎǼͅ˃ƪŘƫɈ	˧ƑƏʠ́̀̏̀́Ų
ş̤̜́̿͂̽˾̀́ƑƏSʠ˄ʓɂ̈́ʤʢʣʤͅʤʣʢ ʆʜ
̈́¥ÎǼ˧Ǚʆģ͎ʧʩ ʆʾ˙˧CȪ˨ˁʣʡƪŘƫɈ	˧řȝ˂ʺʣʠʨʾˁʤʡƪŘƫɈ	
˥ƫˆ˴˷˶̛˽̼͂̓́̀̏̀˂ʺʩʠʫʾˁʤʡʤĐĪ̐ȟPˢ́̀̏̀ŚɔʾʤʡʥĐĪ
̐ȟPˢƜħ_{˂͔ʫʽʣʩʾˁʤʡʦʡʧ ̂˾̼̼̎͂˂ʺʤʩʠʤʪʾˁʤʡʦʡʩ ́̀̏̀ɟ˧Ńħ˂
ʺʤʫʠʥʣʾˁʤʡʧ ȝƑƏɟʝʹʞ̧̜̜̻̖̐̀̐̃͂͊̎̀˂ʺʥʥʠʥʦʾˁʥ Ųşʜ ʥʡʣʡʧ
ẘ̰̠̜̀͂̀˧ƠñˢŃħ˂͔ʪʣʽʪʩʾˁʦ͉ʧ ƌáĘĚŃ˧̜̺˾̯̾̏˂ʺʣʥʤʠʣʥʩʾ
ˁʦʡʫʡʥ àȨşŔƫ̤̜̿͂̽˾̀Ų˧Ƀˢ¿öĊȖ˂ʺʣʨʤʠʣʨʨʾˁʦʡʫʡʧ àȨşŔƫ
̤̜̿͂̽˾̀ƑƏŲ˧̜̺̩̼.˂ʺʣʨʪʾˁʨʡƑƏǝƧ˂ʺʣʪʫʠʣʫʨͅʜ
!! ¥ÎǼ˃Eƿˡ˛ˣ˶àȨşŔ ʤʢʢ Ô˄ĭŁàȨşŔĬÏe"́Şķą̈́ʤʢʢʪͅʣʣʩ
ʆʜ
ʜ

'P	ZA X < Q8	UVTWY9
!! ¥ÎǼˬˊ̈́jő,ăͅˁàȨşŔƫ̻̈͂̐˂ĭŁàȨşŔĬÏe"ʜ JCMAS P040, 
(2004) 
!! ¥ÎǼˬˊ̈́jő,ăͅˁàȨşŔƫŲ,_Ų˂ĭŁàȨşŔĬÏe" JCMAS 
P041, (2004)ʜ
!! ¥ÎǼˬˊ̈́jő,ăͅˁàȨşŔƫŲ,_Ųʜ ʠʜ ̨˽̼̺̦̻̕̚˽ȬʗĪŴ˂ĭŁ
àȨşŔĬÏe"̈́ʤʢʢʦͅ JCMAS P043, (2004) ʜ
!! ¥ÎǼˬˊ̈́jő,ăͅˁàȨşŔƫŲ,_Ųʜ ʠʜʘ̧̜̰̪̐̀̀Ȭʗ˥˳˶Ƒ
Əøȫ0ĪŴ˂ĭŁàȨşŔĬÏe" JCMAS P044, (2004) 
!! ŇŁŧʾ¥ÎǼ̈́jő,ăͅˁàȨşŔ˧ƨȼȋ'ƈĊȖĎɥ˂ĭŁàȨşŔĬÏ
e"ʜ JCMAS H06, (2002)ʜ
  
!! ˁȃ_Ɉƫ̛˽̼͂̓şɴƑƏŲ˂ĭŁȃ_ɈĊȖ" JASOʜ M355, (2000)ʜ
!! “Standard Guide for Performance Evaluation of Hydraulic Fluids for Piston Pumps”, 
American Society for Testing and Materials (ASTM)  D 6813 – 02a, (2002)ʜ
!! ˁ́̀̏̀Ų̷͈̮̘̜̗̩͂ȬʗĪŴ˂ǂŲ±"ʜ JPI-5S-55-99, (1999) 
9
4Z9 @ 9
!! ̈́ǇͅĭŁàȨşŔbe"̈́ƥàȨşŔĬȕe"ͅŲȀĊȖ¬ɰʜ
!! ǡȃ_ɈĊȖǷe"̈́SAEʞƜħƑƏŲɟɱ˼̏˼ɗ¬̻̖͂ʜ
!! ̈́ǇͅĭŁàȨşŔbe"ʜ àş˧ƨȼȋ'ƈ̗̳͂ʜ ˼̜̻̖̎̐̀͂̕ʜ
!! ̈́ǇͅĭŁŲǔÏŘ"̈́ƥ̨̼̝̤͂̿͂ÏŘ"ͅĩ,_Ų¬"Ŏʜ
!! ǂŲɕƸ́ʝǇʞĭŁȃ_ɈÏŘ"xz¬"ˁȃ_Ɉ́ƑƏŲŗȦ"˂́̀̏̀̂˾̼
Ä¬" JASO ”DX-1” ̴̼̪̣̿͂̅̀̈́̈͂̀ʜ
!! ǡŃħȬʗe"̈́ƥ ASTMͅD02 Products and Lubricants ¬"ʾD02.No.07 
Lubricating Properties Ä¬"̴̣̀ʜ
ʜ
&Z9 > 9
!! ʣʫʪʪ Ô̱̙̊Ǉɰȗéˁĩ̺̜̇͂̀˧ɲƱ˂ʜ
!! ʣʫʫʩ ÔĭŁàȨşŔbe"ĊȖ©\Ɂˁƨ¿öʘøǿƑƏŲ˧ɲƱ˂ʜ
!! ʤʢʢʦ Ô̱̙̊ǃǓŁɟOƷȽƣɁˁ̣̼̈̾͂ǦšŲȀ˧ɲƱ́b˂ʜ
ʜ
ʜ
ʜ
ʜ
ʜ
ʜ
ʜ
ʜ
ʜ
ʜ
ʜ
ʜ
ʜ
ʜ
  	
/29
9
ŁȴĤ˨ʾȏǷˋÿĂǵ¥±¥±ɸ̛̳̎̐̍̚˾̴̱̠̜̀́̏̀ǃǓĆ˥ǃǓˢ
˔ˠǠ˔˛ 2014 Ô 4 Ĺˊ˴ 2019 Ô 3 Ĺ˧ 5 Ô˧ľɳ˥zǃǓǏ˧ȜńǍ<Ʃ˧˒
ĎÃ˧˱ˢˡȕ˝˛ǃǓăŋ˥˟ˆˠǙ˔˛˱˧ˡ˖ʿȜńǍ<Ʃ˥˨¤ˍ˧ȴĤ
ċǒˤˣˡsƓ\˺ʇˌʾ˼̛̲̘̃̇ˤǃǓ˥¿˖˶óŚˈ˺Ġˈˠʇˆ˛ˑˢ˺ƃˍ
þȷ˔ˠˉ˵ˮ˖ʿˑ˧˳ˇˤȴĤˢ˔ˠ˧ăŋ˺ˮˢ˰˶ˑˢˋˡˌˮ˔˛ʿʜ
ȴĤ˧C¹˨àȨşŔ̴͂̃˥īˆˠȕˤ˝˛Ğɼȣŉˢ¿ǜˡʾǡ˧ȃ_ɈĊȖ
Ƿe"̈́SAEͅ˫˧ċǒȴĤ˥˟ˆˠˉ˵ˮ˖ʿˑ˧˳ˇ˥şŔ˧Ğɼ˥˞ˆˠ¤ˍ˧ſ
£Ʊȗ˺˔˛ĊȖǷ˨Åˤˆˢ÷ˆˮ˖ˋʾˑ˷˥˨BzǙǷ˧Ƶś˧˒eVˢʾǇ£
Ʊȗ˥¼¹˜˝˛;˧ǽ˧ŏá"ǇÄŇț,Ć˥˨þȷƭ˔ːˠˉ˵ˮ˖ʿʜ
68 Ĉˊ˴ 72 Ĉ˧ʘʛǷ˥ˤ˝ˠˊ˴M˰ˠ˧˼̛̲̘̃̇ˤǃǓˡ˅˵ʾàȨşŔ˧ŷ
ȄˆĊȖǷˢ˔ˠ˺˲˝ˠˌ˛ɳ˥˨ƺˊ˴˿̾̊˧ǫʗ˧ɕǯˡ˔˛ʿ¥±˧<Ʃ
Īˋˣ˻ˤ˥Ʃí˧˛˰˥˒ȃɇ˧ıɳ˺Uˌʾƺˢʉˢ*˺ɮˈˠ˒ǣɖ˔ˠˉ˴˷˶ˊ
ȇˍJˊ˵ˮ˔˛ʿʜ
¥±zǕ"ˡàȨşŔ̴͂̃˧ĊȖǷˋˣ˻ˤ˥Ɓˎˮ˔ˆ[V˺˔˛ˊ˺Ǩ˖˶ȶ
ƐˡʾĭŨȹ°2|̈́9˥ˢ˝ˠ˨¥<Ʃˡ˖ˋͅˊ˴ˁɘk˧ǫʗ˺Ʃˊ˔ˠ SDM ˡ^
ä˔ˠ˨ˣˇˊ˂ˢˉȮˆ˺pˏ˛˧ˋ«ˮ˵ˡ˔˛ʿĸM˨Ƣé<ƩʾĭŨȹ<Ʃ˲¥
ǻ®|ʾRÌâQ|ʾ¥ȹÜɽ|ʾĿǻ®|˴˧Īˀˢ˧̲̓ˡʾˮ˗̳̎̐̑́̀̚
̟̏˼̻̀̈ˢ˨+˚˲ˢŁƴˤǶˈ˺^ä˓˘ˠʇˌʾƟ˺ˣˇǶˈ˶ˊ˥˞ˆˠˮ
ˡˢ?ˍɚ˝˛ȠƘˡ˯˶ˑˢ˺±˩˘ˠʇˌˮ˔˛ʿˑ˧ǫʗˋˤˏ˷˩ SysML ˺ƫˆ˶
ˮˡ˧ǃǓ˥˨ȅ˴ˤˊ˝˛ˢ÷ˆˮ˖ʿʜ
ŁȴĤ˺ˮˢ˰˶˥æ˛˝ˠȜńǍ<Ʃ˧˒½ˤ˒ĎÃ˺ʇˆ˛˧˨aȴˡ˖ˋʾ
ȴĤ¾Ŏ˥æ˛˵TŎˢ˔ˠ˒ĎÃʇˌˮ˔˛ÿĂǵ¥±¥±ɸ̛̳̎̐̍̚˾̱̠̀́
̴̜̏̀ǃǓǏʜ ÄĿĻĠďʾdȎÏŘ¥±̳̎̐̚Ǐ±ɟ̴̪̜̱̠̜̾̏̀̇̏̀±Ǐʜ
ɴǃĠďʾÿĂǵ¥±¥±ɸ̛̳̎̐̍̚˾̴̱̠̜̀́̏̀ǃǓǏʜ ĭŨȹ°2
ʶʰʴ ǃǓĆʏ˥˨ʾ¤ˍ˧ƴǅˤ˒Ďėˢ˒½ˤZȤ˺ʇˌƃˍþȷƭ˔ːˮ˖ʿʜ
̷̧̨̜̊̀͂̔̕ˋǧ˧ǎ˥ʾȜńǃǓ·˧Æy|ˊ˴āK½˥ SysML ˥˞ˆ
ˠ˼̝̣˾̐˺˔ˠʇˌʾĺ˵ʀˍ÷ˆˮ˔˛ʿˮ˛ʾȜńǃǓ·˧±Ʃ˧Ƶś˥˱śˀˤ˒
ZȤˢ˒Ďė˺ʇˌʾþȷ˔ˠˉ˵ˮ˖ʿʜ
ĸì˥ʾǃǓˢ˔ˠ^ä˔ˠg ȴĤ˺Ǚ˖˶˥æ˛˝ˠʾǩ«̰̜̌͂˔ˠƴǅˤ
˼̝̣˾̐˲ùčˌ˺˓˘ˠˍ˷˛ª˧ƾǁ®ˢ­˧ÿ®˥óˊ˴þȷ˺ȗ˔ˮ˖ʿ

